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   The	  advancement	  of	   the	  semiconductor	   industry	  depends	  on	  the	   improvement	  
and	  advancement	  of	  the	  processes	  involved	  in	  creating	  integrated	  circuits.	  	  The	  most	  critical	  of	  
these	  processes,	  lithography,	  is	  currently	  at	  a	  point	  where	  novel	  alternative	  techniques	  must	  be	  
developed	  for	  further	  reduction	  in	  circuitry	  dimensions.	  	  One	  of	  the	  most	  promising	  techniques	  
for	   the	   next	   generation	   of	   lithography	   is	   extreme	   ultraviolet	   light	   lithography	   (EUVL)	  
technology.	   	   This	   technique	   improves	   upon	   currently	   used	   excimer	   laser	   lithography	   by	  
reducing	  the	  light	  source	  wavelength	  from	  195nm	  down	  to	  a	  13.5nm	  ±	  0.2	  nm.	  	  This	  shift	  allows	  
for	  an	  increase	  in	  resolution	  without	  the	  traditional	  consequences	  of	  a	  reduced	  depth	  of	  focus.	  	  
Such	   a	   drastic	   reduction	   in	   wavelength	   is	   not	   without	   any	   technological	   hurdles.	   	   One	   such	  
hurdle	  is	  the	  existence	  of	  energetic	  debris	  emitted	  by	  the	  dense	  warm	  plasmas	  (~1019cm-­‐3,	  ~30	  
eV)	  used	  to	  create	  the	  EUV	  light.	   	  EUV’s	  high	  absorbance	  into	  most	  known	  materials	  prevents	  
the	  traditional	  use	  of	  a	  pellicle	  to	  protect	  the	  collection	  optics,	  which	  reflect	  the	  produced	  light	  
to	   an	   intermediate	   focus	   location.	   	   The	   debris	   limits	   the	   lifetime	   of	   the	   collector	   optics,	   and	  
leads	  to	  a	  critical	  increase	  in	  cost	  of	  ownership.	  	  As	  such	  there	  is	  a	  necessity	  to	  incorporate	  new	  
debris	  mitigation	  methods,	  as	  well	  as	  be	  able	  to	  quantify	  the	  effectiveness	  of	  these	  techniques.	  	  	  	  	  
	   In	   this	  work,	  both	  a	   theoretical	  and	  experimental	  approach	   is	   taken	   to	   investigate	   the	  
development	   of	   energetic	   neutral	   species.	   	   The	   development,	   and	   expansion	   principle,	   of	  
	  
	  
iii	  
energetic	   ions	   in	   an	   EUV	   plasma	   is	   explained	  with	   a	   self-­‐similar	   hydrodynamic	   developed	   by	  
Murakami.	   	   This	  model	  explains	   that	   rapidly	  accelerated	  electrons,	  emitted	   from	  destabilized	  
EUV	   plasma,	   create	   an	   electric	   potential	   that	   accelerates	   ions	   to	   high	   energies.	   	   The	   higher	  
charge	  state	  species,	  produced	  in	  part	  by	  ionization	  processes,	  are	  more	  rapidly	  accelerated	  by	  
the	   electric	   potential,	   producing	   higher	   energy	   ions.	   	   Yet,	   a	   significant	   set	   of	   recombination	  
processes	  allow	  for	  the	  neutralization	  of	  energetic	  low	  charge	  ion	  species.	  	  By	  neutralizing	  lowly	  
ionized	  high-­‐energy	  species,	  energetic	  neutral	  species	  are	  created.	  	  It	   is	  these	  species	  that	  are	  
investigated	  in	  this	  body	  of	  work.	  
	   A	   neutral	   detector	   was	   developed	   in	   order	   to	   quantitatively	   analyze	   the	   energetic	  
neutral	  flux	  emanating	  from	  EUV	  sources.	  	  Utilizing	  this	  detector,	  and	  a	  Xe-­‐fueled	  XTREME	  XTS	  
13-­‐35	  EUV	  source,	  the	  effects	  of	  debris	  mitigation	  is	  investigated.	  	  It	  will	  be	  shown	  that	  without	  
debris	   mitigation,	   neutral	   flux	   accounts	   for	   approximately	   78%	   of	   the	   total	   energetic	   flux	  
emanating	  from	  the	  EUV	  source,	  with	  approximately	  2x105	  neutrals/cm2-­‐pulse	  being	  observed.	  	  
Incorporating	   maximum	   debris	   mitigation	   reduces	   this	   fraction	   to	   54%	   while	   reducing	   the	  
neutral	   flux	  by	  an	  order	  of	  magnitude.	   	  Debris	  mitigation	  also	   lowers	   the	  peak	  energy	  of	   the	  
neutral	   spectrum	   by	   nearly	   50%	   from	   14	   keV	   to	   7	   keV.	   	   Low	   energy	   neutral	   debris	  
measurements	   of	   a	   modified	   Sn-­‐fueled	   EUV	   source	   will	   also	   be	   presented,	   revealing	   that	  
between	   0	   and	   5	   keV,	   neutrals	   account	   for	   approximately	   half	   of	   the	   total	   flux	   observed.	  	  
Ultimately	   the	   development	   of	   this	   detector	   reveals	   the	   need	   for	   energetic	   neutral	   flux	  
characterization,	  and	  the	  need	  to	  mitigate	  this	  debris.	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CHAPTER	  1	  
INTRODUCTION	  
	   Since	   the	   beginning	   of	   the	   semiconductor	   industry	   in	   the	   late	   1950’s	   with	   the	  
development	  of	  the	  first	   integrated	  circuit,	  demand	  and	  technological	  advancements	  have	  led	  
to	   the	   doubling	   of	   number	   of	   transistors	   placed	   on	   an	   integrated	   circuit	   every	   two	   years,	   as	  
shown	   in	   figure	   1.1.	   	   	   Gordon	   Moore	   originally	   forecasted	   this	   technological	   progression	   in	  
1965,	  in	  an	  attempt	  to	  help	  emphasize	  the	  future	  role	  that	  integrated	  circuits	  would	  play	  in	  the	  
world	  [1].	   	  Moore,	  along	  with	  Intel,	  realized	  that	  creating	   integrated	  chips	  would	  play	  a	  much	  
larger	  role	  than	  do-­‐it-­‐yourself	  components.	  	  The	  rest	  of	  the	  story	  is	  the	  history	  of	  lithography.	  	  	  
	  
	  
Figure	  1.1:	  	  Despite	  slowing	  down	  after	  1970,	  the	  number	  of	  transistors	  per	  die	  has	  doubled	  every	  18-­‐24	  months.	  	  
This	   trend	  will	  not	  continue	   forever,	  and	  new	  techniques	  need	  to	  be	  developed	  to	  continue	  the	   trend	   for	   the	  
next	  10	  years.	  	  	  The	  above	  plot	  shows	  the	  progression	  of	  the	  number	  of	  transistors	  per	  die	  as	  a	  function	  of	  time.	  
Figure	  courtesy	  of	  Intel.	  	  
	  
	  
	  
2	  
	   As	   it	   stands	   nearly	   50	   years	   after	   the	   beginning	   of	   Moore’s	   law,	   the	   semiconductor	  
industry	   is	   beginning	   to	   approach	   the	   limits	   of	   reducing	   the	   size	   of	   a	   transistor.	   	   Quantum	  
physics	   dictates	   the	   physical	   limit	   of	   resolvability	   resides	   with	   a	   quantum	   barrier	   of	   width	  
1.5nm.	   	   Yet	   to	   achieve	   such	   a	   limit,	   approximately	   3.5x106W/cm2	   of	   thermal	   removal	   is	  
required.	  	  This	  is	  an	  insurmountable	  limit	  when	  one	  considers	  the	  goal	  for	  2016	  is	  to	  achieve	  93	  
W/cm2	   [2].	   	   Nevertheless,	   there	   are	   still	   many	   boundaries	   to	   be	   overcome	   in	   terms	   of	  
lithography	  production	  of	  the	  transistors	  before	  such	  a	  physical	  limit	  can	  even	  be	  approached.	  
	   Currently,	  there	  exist	  many	  different	  lithography	  techniques	  to	  produce	  computer	  chips	  
at	   the	  22nm	  node	  of	   the	   International	  Technology	  Roadmap	   for	  Semiconductors.	   	  The	  use	  of	  
deep	   ultraviolet	   (DUV)	   excimer	   lasers	   coupled	   with	   double	   patterning	   and	   immersion	  
lithography	   poses	   one	   possible	   solution,	   while	   the	   already	   proven	   use	   of	   electron-­‐beam	  
lithography	   poses	   another	   possible	   solution.	   	   Yet	   each	   of	   these	   comes	   with	   some	   sort	   of	  
submission	   to	   the	   inevitable	  use	  a	  new	   lithography	   technique	   that	  utilize	   smaller	  wavelength	  
light	  to	  create	  smaller	  feature	  sizes.	  	  It	  is	  becoming	  evident	  that	  the	  next	  viable	  source	  for	  the	  
future	   reduction	   of	   wavelength	   exists	   in	   the	   extreme	   ultraviolet	   (EUV]	   light	   region.	   	   This	  
technology,	  which	  was	  originally	  conceived	   in	  the	  1980’s,	  has	  been	  heavily	   invested	   into	  over	  
the	   past	   decade,	   and	   is	   beginning	   to	   emerge	   as	   a	   viable	   technology	   for	  mass	   production	   of	  
semiconductor	  devices	  [3].	  	  	  
	   There	  are	  many	  obstacles	  that	  need	  to	  be	  overcome	  before	  any	  technology	  can	  make	  it	  
to	   mainstream	   usage,	   and	   EUV	   lithography	   is	   no	   exception.	   	   Due	   to	   the	   large	   reduction	   of	  
wavelength	   from	  the	  currently	  used	  DUV	  to	  EUV	  region,	  effort	  needs	   to	  be	  made	   to	  develop	  
new	  reflective	  optics,	  reflective	  masks,	  as	  well	  as	  new	  photoresists	  to	  name	  only	  a	  few	  current	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obstacles.	  	  One	  issue	  of	  very	  great	  importance	  to	  the	  application	  of	  EUV,	  as	  well	  as	  the	  topic	  of	  
this	   thesis,	   is	   the	   fact	   that	   a	   simple	   transparent	   pellicle	   cannot	   be	   used	   to	   inhibit	   the	  
transportation	  of	  debris	   (anything	   that	   isn’t	   in	  band	  EUV	   radiation)	   created	  by	   the	  dense	  hot	  
plasmas	  used	   to	   create	  EUV	   light.	   	  As	   such,	   in	  order	   to	  provide	  an	  EUV	  source	   that	  does	  not	  
have	  an	  extravagant	  cost	  of	  ownership,	  great	  care	  needs	  to	  be	  taken	  to	  mitigate	  the	  harmful	  
effects	   of	   energetic	   debris.	   	   The	   Center	   for	   Plasma-­‐Material	   Interactions,	   located	   at	   the	  
University	   of	   Illinois	   at	   Urbana-­‐Champaign	   and	   directed	   by	   Professor	   David	   N.	   Ruzic,	   began	  
investigating	  the	  energy	  spectrum	  of	  ion	  debris	  well	  over	  four	  years	  prior	  to	  the	  writing	  of	  this	  
thesis.	   	   Initially,	   only	   the	   ion	  energy	   spectrum	  of	   EUV	   sources	   could	  be	  measured.	   	  With	   the	  
detector	  introduced	  in	  this	  thesis,	  however,	  the	  energy	  spectrum	  of	  neutral	  debris	  can	  also	  be	  
measured	   for	   the	   first	   time.	   	   Having	   the	   capability	   to	   measure	   the	   entire	   energetic	   debris	  
spectrum	  provides	   tool	  manufactures	  with	   a	   great	   deal	   of	   information	   regarding	   their	   debris	  
mitigation	  techniques.	  
	   This	  thesis	  will	  detail	  the	  development	  of	  a	  neutral	  detector.	  	  Background	  information	  is	  
provided	  to	  have	  a	  basic	  understanding	  of	  the	  processes,	  machines,	  and	  challenges	  driving	  the	  
need	  for	  such	  a	  detector.	  	  The	  equipment	  used	  in	  the	  process	  of	  not	  only	  creating	  the	  neutral	  
detector,	  but	  also	   creating	   the	  debris	   to	  be	  measured,	  will	  be	  presented	  and	  described	   in	   its	  
entirety.	   	   In	   order	   to	   understand	   the	   importance	   and	   the	   creation	   of	   energetic	   debris,	   a	  
theoretical	  model	  developed	  by	  Murakami	  will	  be	  presented,	  along	  with	  plausible	  reasons	  for	  
energetic	  neutral	  species.	  	  Lastly,	  the	  neutral	  detector	  measurements	  of	  an	  XTS	  13-­‐35	  Xe-­‐fueled	  
source,	   a	   modified	   XTS	   13-­‐35	   Sn-­‐fueled	   source,	   and	   an	   experimental	   EUV	   source	   from	   the	  
University	  of	  Washington	  will	  be	  presented.	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CHAPTER	  2	  
BACKGROUND	  
2.1	  Introduction	  	  
	   In	   order	   to	   develop	   computer	   chips,	   a	   process	   is	   required	   to	   transfer	   a	   conceptual	  
design	  onto	  a	  physical	  wafer.	  	  This	  process	  is	  called	  lithography,	  and	  is	  the	  driving	  force	  behind	  
the	   technological	   advancements	  within	   the	   computer	   chip	   industry	   since	   the	   creation	   of	   the	  
integrated	   circuit	   in	   1958	   [4].	   	   There	   exist	  many	  different	   types	  of	   lithography,	   but	   the	  most	  
compelling	  method	  for	  high	  volume	  manufacturing	  of	  computer	  chips	  is	  optical	  lithography.	  	  In	  
this	  chapter,	  the	  fundamental	  concepts	  of	  optical	  lithography	  will	  be	  presented	  and	  discussed.	  	  
EUV	   lithography,	   a	   small	   subset	   of	   optical	   lithography,	   will	   be	   shown	   as	   a	   possible	   future	  
lithographic	  technique.	  	  Its	  shortcomings	  of	  debris	  production	  will	  also	  be	  presented	  in	  light	  of	  
the	  topic	  of	  this	  thesis,	  and	  thus	  the	  motivation	  of	  this	  work	  will	  be	  revealed.	  
	  
2.2	  Optical	  Lithography	  
	   A	  schematic	  diagram	  of	  an	  optical	   lithography	  system	  is	  diagramed	  in	  figure	  2.1.	   	  Each	  
optical	   lithography	   system	   is	   conceptually	   the	   same	   in	   that	   it	   contains	   five	   different	  
components:	  the	  source	  of	  radiation,	  the	  condenser	  optics,	  a	  mask,	  the	  projection	  optics,	  and	  a	  
substrate	  [5].	   	  The	  radiation	  source	  can	  be	  any	  type	  of	   light	  emitting	  source	  including	  but	  not	  
limited	  to	  high-­‐pressure	  mercury	  arc	  lamps,	  excimer	  lasers,	  and	  even	  tabletop	  X-­‐ray	  sources	  [6-­‐
8].	  	  Over	  the	  years	  the	  wavelength	  of	  light	  has	  reduced	  from	  436	  nm	  (g-­‐line)	  to	  365	  nm	  (i-­‐line),	  
down	  to	  248	  nm	  (KrF	  excimer	  lasers)	  and	  193	  nm	  (ArF	  excimer	  lasers)	  in	  order	  to	  accommodate	  
Moore’s	   law	  and	  to	  push	  the	  size	  of	   the	   integrated	  circuit	  even	  smaller	   [4,	  9].	  The	  condenser	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lens	  takes	  the	  light	  created	  by	  the	  source	  and	  creates	  a	  plane	  wave	  that	  is	  diffracted	  off	  of	  the	  
mask.	  	  The	  mask	  is	  the	  device	  that	  contains	  the	  image	  that	  is	  to	  be	  printed	  on	  the	  wafer.	  	  For	  
applications	   with	   wavelengths	   longer	   than	   x-­‐rays,	   this	   mask	   is	   a	   transparent	   plate	   through	  
which	   the	   light	   passes.	   	   For	   applications	   like	   EUV	   and	   x-­‐ray	   lithography,	   the	   mask	   must	   be	  
reflective	  due	   to	   the	   fact	   that	   the	  photons	  are	  absorbed	  within	  any	  material.	   	  Once	   the	   light	  
passes	   beyond	   the	  mask,	   the	   projection	   lenses	   reduce	   the	   image	   by	   a	   factor	   of	   4	   or	   5	   and	  
transposes	  the	  image	  onto	  a	  photosensitive	  “resist”	  layer	  deposited	  onto	  the	  substrate	  [10].	  	  
	  
	  
Figure	  2.1:	  A	  schematic	  diagram	  of	  an	  optical	  lithography	  system	  consisting	  of	  the	  radiation	  source,	  the	  collector	  
optics,	  the	  mask,	  the	  projection	  optics,	  and	  the	  wafer.	  	  Figure	  taken	  from	  [5].	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   The	  method	  by	  which	  wafers	  are	  exposed	   is	  either	  using	  a	   stepper	  or	  a	   scanner.	   	  The	  
first	  technique	  exposes	  the	  whole	  mask	  and	  reduces	  the	  image	  five	  times	  before	  it	  is	  projected	  
onto	   the	   substrate.	   	   The	   second	   method	   moves	   the	   mask	   together	   with	   the	   wafer,	   only	  
exposing	  a	  small	  portion	  of	  the	  mask	  at	  a	  time,	  until	  the	  entire	  reticle	  has	  been	  printed	  onto	  the	  
wafer.	   	   After	   exposing	   one	   integrated	   circuit	   onto	   the	   mask,	   the	   wafer	   is	   moved	   to	   a	   new	  
location	   and	   the	   process	   is	   repeated.	   	   The	   light	   that	   is	   projected	   onto	   the	   wafer	   causes	   a	  
chemical	  reaction	  that	  either	  strengthens	  or	  weakens	  the	  photoresist	  deposited	  on	  the	  wafer.	  	  
If	  it	  is	  strengthened	  it	  is	  called	  a	  negative	  resist,	  where	  as	  if	  the	  photoresist	  is	  weakened	  upon	  
exposure	  to	  light	  it	  is	  called	  a	  positive	  resist.	  	  After	  the	  resist	  is	  exposed,	  the	  wafer	  is	  chemically	  
washed	  to	  remove	  the	  weakened	  photoresist.	  	  The	  remaining	  resist	  serves	  as	  a	  mask	  for	  etching	  
and	  deposition	  processes	  that	  create	  a	  layer	  of	  the	  integrated	  circuit	  on	  the	  wafer.	  	  The	  entire	  
process	   is	   repeated	   until	   the	   entire	   integrated	   circuit	   has	   been	   created.	   	   Because	   the	  
development	  on	  the	  photoresist	  is	  dependent	  on	  the	  wavelength	  being	  used,	  it	  is	  not	  surprising	  
that	  the	  limiting	  step	  in	  developing	  denser	  and	  more	  intricate	  features	  is	  the	  optical	  lithography	  
step.	  	  	  
	  
2.2.1	  Resolution	  and	  depth	  of	  focus	  
	   The	   relationship	   between	   resolution	   and	   depth	   of	   focus	   drives	   the	   need	   for	  
advancements	   in	   the	   lithography	   industry.	   	   The	   first	   term,	   resolution,	   defines	   the	  minimum	  
feature	  size	  that	  can	  be	  printed	  as	  well	  as	  resolved.	  	  The	  mathematical	  definition	  of	  resolution	  
is	  given	  by	  equation	  1,	  where	  R	  is	  the	  smallest	  resolvable	  half-­‐pitch	  feature,	  k1	  is	  a	  constant	  that	  
is	  defined	  by	  the	  optical	  train,	  λ	  is	  the	  wavelength	  of	  light	  being	  used,	  and	  NA	  is	  the	  numerical	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aperture	  of	  the	  lens	  system	  within	  the	  optical	  lithography	  tool	  [11].	  	  NA	  aperture	  is	  defined	  in	  
equation	   2,	   where	   n	   is	   the	   refractive	   index	   of	   the	  medium	   between	   then	   final	   lens	   and	   the	  
wafer,	  and	  θ	  is	  the	  half-­‐angle	  formed	  by	  the	  rays	  that	  are	  incident	  on	  the	  wafer.	  
€ 
R = k1
λ
NA 	  	  	  	  	  	   	   	   	   	   	   	   	   	   (1)	  
€ 
NA = n sin(θ) 	  	  	   	   	   	   	   	   	   (2)	  
	   It	   is	  clear	  from	  equation	  1	  that	  the	  road	  to	  decreasing	  feature	  sizes	  on	  wafers	  involves	  
either	   increasing	   the	  NA	  of	   the	   system	  or	  decreasing	   the	  wavelength	  of	   the	   light	  used	   in	   the	  
lithography	   step.	   	   The	   first	   method,	   increasing	   the	   NA	   of	   the	   system	   can	   be	   achieved	   by	  
increasing	  the	  index	  of	  refraction	  of	  the	  material	  between	  the	  lens	  and	  the	  wafer,	  or	  simply	  by	  
increasing	   the	   size	   of	   the	   lens.	   	   The	   second	   method,	   decreasing	   the	   wavelength,	   is	   only	  
achieved	  by	  changing	  the	  source	  of	  radiation.	  	  The	  only	  other	  method	  by	  which	  to	  improve	  the	  
resolution	   of	   a	   lithography	   system	   is	   to	   decrease	   k1,	   which	   is	   achieved	   by	   making	   better	  
photoresist	  materials.	   	   	   The	  NA	  of	   lithography	   systems	   can	   range	  anywhere	   from	  0.3	   to	  1.35	  
while	   k1	   is	   typically	   larger	   than	  0.25	   [12,	   13].	   	   The	  entire	   story	   is	   not	   yet	   revealed,	   however,	  
because	  another	  term,	  the	  depth	  of	  focus	  (DOF),	  provides	  a	  restriction	  on	  how	  better	  resolution	  
is	  achieved.	   	   	  The	  DOF	  is	  defined	  in	  equation	  3,	  with	  k2	  being	  another	  system	  based	  constant,	  
and	  the	  NA	  and	  λ	  being	  similarly	  defined	  as	  in	  equation	  2.	  	  	  	  
€ 
DOF = k2
λ
NA2 	  	   	   	   	   	   	   	   (3)	  
	   The	  DOF	   is	   defined	   as	   the	  distance	  over	  which	   the	  projected	   image	   remains	   in	   focus.	  	  
When	  considering	  the	  need	  to	  print	  highly	  anisotropic	  features,	  with	  low	  DOF	  the	  bottom	  of	  the	  
printed	  features	  will	  not	  be	  as	  exposed	  as	  the	  top	  of	  the	  features,	  and	  thus	  a	  highly	  anisotropic	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line	  will	  not	  be	  printable.	  	  Traditionally,	  industry	  has	  sought	  to	  increase	  NA	  as	  much	  as	  possible	  
before	  transitioning	  to	  a	  new	  wavelength	  of	  light	  due	  to	  the	  fact	  that	  a	  much	  larger	  investment	  
is	  required	  to	  retool	  an	  entire	  fabrication	  facility.	  	  It	  is	  clear	  from	  the	  relationship	  between	  DOF	  
and	  resolution	  that	  at	  a	  certain	  point,	  it	  is	  necessary	  to	  seek	  out	  lower	  wavelengths	  to	  reach	  the	  
desired	  resolution.	  
	  
2.2.2	  Alternative	  techniques	  
	   Although	   optical	   lithography	   is	   the	   most	   widely	   used	   technique	   for	   manufacturing	  
integrated	  circuits,	  it	  is	  not	  the	  only	  technique.	  	  There	  exist	  many	  other	  techniques	  that	  are	  in	  
their	   own	   right	   very	   capable	   processes.	   	   The	   first	   technique	   of	   interest	   is	   electron	   beam	  
lithography.	   	  E-­‐beam	  lithography	   is	  very	  similar	  to	  optical	   lithography;	  the	  photons	  are	  simply	  
replaced	   by	   electrons.	   	   Instead	   of	   optical	   lenses,	   electromagnetic	   lenses	   perform	   the	   job	   of	  
focusing	  and	  altering	  the	  beam	  that	  is	  incident	  upon	  the	  wafer.	  	  Furthermore,	  electron	  sensitive	  
resists	   are	   utilized	   to	   print	   features.	   	   This	   technique	   boasts	   very	   high-­‐resolution	   capabilities,	  
ease	  of	  building	  test	  designs	  through	  the	  use	  of	  direct-­‐write	  capabilities,	  and	   it	   is	  also	  proven	  
reliable.	   	   Unfortunately	   because	   large	   areas	   cannot	   be	   exposed	   at	   one	   time,	   e-­‐beam	   is	   very	  
slow	   and	   thus	   not	   functionally	   effective	   at	   maintaining	   cost	   of	   ownership	   for	   high	   volume	  
manufacturing.	  	  This	  technique	  is	  however	  used	  for	  making	  the	  masks	  that	  optical	  lithography	  
uses	  [14,	  15].	  	  	  
	   Another	  technique	  of	   interest	   is	  nanoimprint	   lithography,	  which	  uses	  a	  physical	  stamp	  
to	  quickly	  print	  features	  onto	  a	  wafer.	  	  This	  process	  is	  capable	  of	  achieving	  feature	  sizes	  down	  
to	  14	  nm	  half-­‐pitch,	  but	  suffers	  from	  printing	  defects	  that	  originate	  during	  the	  physical	  contact	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step,	   as	  well	   as	   being	   too	   slow	   for	   high	   volume	  manufacturing	   [16,	   17].	   	   Another	   technique,	  
maskless	   lithography,	   utilizes	   optical	   lithography	   techniques	   but	   utilizes	   an	   adjustable	  mirror	  
array	   that	   allows	   for	  maskless	  operation.	   The	   systems	  are	   capable	  of	  being	  utilized	   in	  direct-­‐
write	   mode	   with	   applications	   such	   as	   mask	   development	   or	   even	   laser	   milling	   of	   substrate	  
surfaces	  [18,	  19].	  	  Development	  has	  also	  lead	  to	  high	  resolution	  arrays	  that	  can	  possibly	  lead	  to	  
high	  volume	  manufacturing	  applications	  for	  the	  flat	  panel	  display	  industry,	  which	  suffers	  greatly	  
from	   having	   to	   develop	   many	   individual	   customized	  masks	   for	   development	   processes	   [20].	  
Ultimately	   though,	   the	   process	   is	   too	   slow	   for	   current	   integrated	   circuit	   manufacturing	  
processes,	   and	   optical	   lithography	   remains	   the	   only	   applicable	   solution	   to	   the	   high	   volume	  
manufacturing	  requirements.	  
	  
2.3	  Extreme	  Ultraviolet	  Light	  Lithography	  
	   Currently,	   industry	   is	   utilizing	   various	   techniques	   to	   extend	   the	   use	   of	   193	   nm	   light	  
utilized	   in	   excimer	   laser	   lithography	   systems.	   	   Excimer	   lasers	   were	   originally	   proven	  
experimentally	  in	  1975	  [21].	  	  These	  methods	  include	  immersion	  lithography,	  double	  patterning,	  
phase	   shift	   masks,	   and	   off-­‐axis	   illumination.	   	   Immersion	   lithography	   increases	   the	   NA	   by	  
increasing	  the	  index	  of	  refraction	  between	  the	  last	  lens	  and	  the	  wafer.	  	  This	  is	  accomplished	  by	  
suspending	  a	  liquid,	  often	  water,	  in	  between	  the	  two	  surfaces.	  	  Unfortunately	  in	  order	  to	  reach	  
the	   32	   nm	   node	   by	   2011,	   as	   suggested	   by	   the	   International	   Technology	   Roadmap	   for	  
Semiconductors,	  higher	   index	  of	   refraction	  materials	   than	  water	  are	   required	   to	   increase	   the	  
NA	  up	  to	  1.6.	  	  It	  has	  been	  shown	  that	  this	  technique	  would	  not	  be	  performed	  rapidly	  enough	  to	  
meet	   the	   node	   in	   time,	   and	   as	   such	   the	   current	   infrastructure	   within	   industry	   has	   to	   be	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abandoned	  [22].	  	  The	  second	  technique,	  double	  patterning,	  patterns	  the	  feature	  in	  two	  or	  more	  
different	  steps	  so	  that	  smaller	  features	  can	  be	  maintained.	  	  This	  effectively	  lowers	  the	  k1	  term	  
to	   improve	   resolution.	   	  One	  advantage	  of	   this	  process	   is	   that	   current	   infrastructure	  does	  not	  
need	   to	   be	   largely	   modified	   from	   its	   current	   state,	   though	   stitching	   errors	   and	   other	  
complications	   still	   need	   great	   care	   to	   avoid	   [22-­‐24].	   	   Phase	   shift	  masks,	   the	   third	   technique,	  
increase	  resolution	  by	  intentionally	  coupling	  changes	  in	  phase–	  manufactured	  by	  changing	  the	  
thickness	   of	   the	   mask	   in	   certain	   areas	   –	   with	   the	   unaltered	   light	   to	   increase	   the	   contrast	  
reaching	  the	  wafer.	  	  This	  technique	  is	  limited	  in	  the	  fact	  that	  it	  requires	  complicated	  algorithms	  
to	  manufacture	  mask	  patterns	   [25-­‐27].	   	  The	   last	  alternative	   technique	  being	  employed	   is	  off-­‐
axis	   illumination.	   	   This	   technique	   collects	   the	   zeroth	   and	   first	   order	   light	   from	   a	   source	   to	  
improve	   resolution	  of	   the	   shorter	  wavelength	   spacing	  between	   these	  orders.	   	   This	   technique	  
also	  allows	  for	  improvements	  of	  DOF	  in	  addition	  to	  resolution	  [28,	  29].	  	  Ultimately,	  however	  the	  
most	   palatable	   choice	   in	   improving	   resolution	   exists	   in	   reducing	   the	  wavelength	   being	   used.	  	  
This	  is	  where	  EUV	  lithography	  comes	  into	  play.	  
	   The	  use	  of	  EUV	  is	  nearly	  inevitable	  for	  the	  use	  of	  future	  high	  volume	  manufacturing	  of	  
the	  22	  nm	  node	  and	   lower.	   	  Cost	  distributions,	   such	  as	   that	  pictured	   in	   figure	  2.2,	   show	  that	  
extending	  current	  alternative	  ultraviolet	  technologies	  only	  lasts	  so	  long	  before	  it	  is	  simply	  more	  
cost	  effective	  to	  switch	  to	  EUV	  [30].	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Figure	  2.2:	  A	  plot	  of	  cost	  of	  ownership	  reveals	  one	  of	  the	  reasons	  that	  industry	  will	  be	  forced	  to	  switch	  to	  EUV	  in	  
the	   future.	   	   The	   cost	   of	   making	   current	   technology	   work	   for	   future	   technology	   has	   its	   limit	   as	   the	   cost	  
effectiveness	  of	  developing	  new	  technology	  (such	  as	  EUV)	  is	  simply	  more	  appetizing	  than	  using	  old	  techniques	  
that	  get	  the	  job	  done.	  	  Figure	  taken	  from	  [30].	  
	  
	   EUV	  uses	  13.5	  nm	  light	  to	  pattern	  features	  on	  a	  wafer,	  which	  is	  more	  than	  an	  order	  of	  
magnitude	   smaller	   than	   the	   deep	   ultraviolet	   (DUV)	   i-­‐line	   processes	   currently	   in	   practice.	   	   By	  
switching	   to	  such	  a	  wavelength,	   the	  pressures	  previously	  placed	  on	  sacrificing	  depth	  of	   focus	  
can	  be	  alleviated	  and	  improvements	  can	  be	  made	  on	  improving	  integrated	  circuit	  construction.	  	  
Yet	  with	  such	  a	  change	   in	  wavelength	  comes	  a	  whole	  new	  category	  of	   issues	  that	  need	  to	  be	  
addressed	  before	  its	  successful	  implementation.	  	  One	  of	  the	  biggest	  differences	  between	  DUV	  
and	   EUV	   is	   the	   issue	   that	   EUV,	   through	   the	   photoelectric	   effect,	   is	   strongly	   absorbed	   into	  
almost	  all	  materials	  [31].	  	  This	  consideration	  requires	  all	  lithography	  processes	  to	  be	  performed	  
under	  high	  vacuum,	  and	  for	  all	  of	  the	  optics	  to	  be	  reflective.	  	  Furthermore,	  considerations	  need	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be	  made	  for	  developing	  new	  EUV	  sensitive	  resists.	  	  Lastly,	  and	  of	  critical	  relevance	  to	  this	  thesis,	  
debris	  production	  of	  EUV	  sources	  needs	  to	  be	  mitigated	  because	  a	  transparent	  pellicle	  can’t	  be	  
utilized	  to	  prevent	  energetic	  debris	  from	  damaging	  the	  collector	  optics.	  	  Such	  issues	  are	  coupled	  
with	  the	  fact	  that	  much	  work	  needs	  to	  be	  done	  to	  still	  optimize	  sources	  to	  create	  enough	  power	  
to	  be	  able	  to	  expose	  the	  photoresists	  in	  a	  cost	  effective	  manner.	  
	  
2.3.1	  EUV	  Plasma	  
	   One	  of	   the	   biggest	   hurdles	   that	   need	   to	   be	   overcome,	   in	   order	   for	   EUV	   to	   become	   a	  
viable	  technology,	  is	  the	  fact	  that	  the	  process	  of	  creating	  EUV	  also	  creates	  ions	  and	  neutrals	  on	  
the	   order	   of	   10s	   of	   keV.	   	   The	   two	   most	   viable	   EUV	   fuels,	   Sn	   and	   Xe,	   require	   more	   than	   8	  
electrons	  to	  be	  removed	  from	  their	  outer	  electron	  shells	  to	  create	  EUV	  light.	  Sn	  produces	  EUV	  
light	  when	  its	  8+	  to	  12+	  ionizations	  states	  relax,	  while	  Xe	  creates	  EUV	  light	  when	  it	  relaxes	  from	  
the	   10+	   state	   [32].	   	   In	   order	   to	   ionize	   these	   atoms	   to	   this	   degree,	   a	   great	   deal	   of	   energy	   is	  
required	   that	   is	   later	  manifested	   in	   energetic	   debris	   in	   addition	   to	   the	  desired	   EUV	  photons.	  	  
These	   plasmas	   have	   electron	   temperatures	   of	   approximately	   30	   eV,	   and	   densities	   of	  
approximately	  3x1018cm-­‐3	  [33,	  34].	  	  The	  plasma	  emits	  13.5	  nm	  photons	  in	  addition	  to	  the	  out	  of	  
band	  radiation	  that	  is	  not	  desired.	  	  The	  out	  of	  band	  radiation	  leads	  to	  increased	  thermal	  loads	  
on	  plasma	  facing	  surfaces,	  and	  is	  yet	  another	  challenge	  that	  must	  be	  solved.	  	  	  
	   EUV	  plasma	  is	  formed	  by	  either	  of	  two	  methods:	  laser	  produced,	  or	  discharge	  produced.	  	  
These	  methods	  will	  be	  further	  discussed	  in	  the	  upcoming	  section	  on	  EUV	  sources,	  but	  for	  the	  
present	  section	  the	  first	  method	  forms	  plasma	  by	  shooting	  a	  liquid	  Sn	  droplet	  with	  a	  high	  power	  
laser	  (>	  1010	  W/cm2)	  [35].	  	  The	  second	  method	  uses	  a	  laser	  to	  liberate	  Sn	  atoms	  from	  a	  rotating	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drum	  covered	   in	  molten	  Sn.	   	  The	  droplets	   then	   form	  a	  bridge	   from	  one	  electrode	   to	  another	  
and	  a	   current	   is	  dropped	  across	   the	  bridge.	   	   This	   current	  heats	   the	  Sn	  atoms	  and	  causes	   the	  
plasma	  to	  develop.	  	  Another	  device,	  called	  a	  z-­‐pinch,	  can	  be	  utilized	  to	  compress	  and	  heat	  the	  
plasma.	   	  A	  Z-­‐pinch	  operates	  on	  a	  concept	  as	   simple	  as	  Lorentz’s	   force	   [36,	  37].	   	  The	  process,	  
illustrated	   in	   figure	   2.3,	   begins	   by	   pre-­‐ionizing	   the	   Xe	   or	   Sn	   gas	   in	   a	   cylindrical	   cathode.	   	   A	  
current	   is	   then	  driven	   from	  the	  anode	   to	   the	  cathode	  creating	  a	  magnetic	   field	   that	   confines	  
and	   compresses	   the	   plasma	   within	   the	   cylinder.	   	   The	   plasma	   then	   reaches	   the	   appropriate	  
temperatures	   needed	   to	   develop	   EUV	   light,	   after	   which	   the	   current	   is	   relaxed.	   	   Upon	   the	  
relaxation	  of	  this	  current,	  the	  magnetic	  pressure	  is	  no	  longer	  as	  strong	  as	  the	  plasma	  pressure,	  
and	  the	  energetic	  ions	  and	  electrons	  are	  expanded	  outwards	  into	  the	  chamber	  creating	  a	  great	  
deal	  of	  energetic	  debris	  [38].	  	  
	  
	  
	  
	  
	  
14	  
	  
Figure	  2.3:	  A	  diagram	  of	  a	  z-­‐pinch	  plasma-­‐producing	  device.	  	  A)	  A	  preionized	  plasma	  is	  formed	  by	  electrons	  being	  
emitted	  off	  the	  surface	  of	  a	  metal	  cavity.	  	  B)	  A	  large	  20	  kA	  current	  is	  discharged	  through	  the	  preionized	  plasma.	  	  
The	  induced	  magnetic	  field	  compresses	  the	  plasma	  causing	  it	  to	  heat	  up	  and	  have	  density	  increase.	  	  C)	  Once	  the	  
plasma	  has	  reached	  a	  critical	  density	  and	  temperature	  around	  30	  eV,	  EUV	  light	  is	  emitted	  in	  2π 	  sr.	  	  D)	  When	  the	  
current	   flow	   relaxes,	   the	  magnetic	   confinement	   is	  weakened	   and	   the	   energetic	   atoms	  within	   the	   plasma	   are	  
ejected	  in	  the	  same	  direction	  as	  the	  light,	  though	  not	  isotropically.	  	  Figure	  taken	  from	  [38].	  
	  
2.3.2	  EUV	  Fuels	  
	   Over	  the	   last	  decade,	  three	  different	  EUV	  fuels	  have	  been	   investigated:	  Li,	  Xe,	  and	  Sn.	  	  
These	  fuels	  each	  have	  their	  own	  advantages	  and	  disadvantages.	  	  The	  first	  fuel,	  Li,	  was	  the	  first	  
to	  be	  considered	  because	  of	  the	  fact	  that	   it	  outputs	   light	  with	  a	  very	  tight	  bandwidth,	  ±0.135	  
nm	  around	  13.5	  nm	  (characteristic	  normalized	  intensities	  of	  Li,	  Sn,	  and	  Xe	  are	  shown	  in	  figure	  
2.4)	  [39,	  40].	  	  Lithium	  has	  the	  advantage	  that	  it	  is	  a	  low	  mass	  atom,	  so	  it	  is	  less	  likely	  to	  cause	  
damage	  to	  collector	  optics	  than	  the	  other	  two	  fuels.	  	  It	  has	  a	  conversion	  efficiency	  approaching	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2.5%,	  which	  is	  competitive	  with	  the	  other	  two	  fuels,	  but	  it	  suffers	  from	  being	  condensable	  and	  
highly	  reactive	  [40-­‐42].	  	  Conversion	  efficiency	  is	  the	  fraction	  of	  light	  in	  a	  2%	  bandwidth	  around	  
13.5	  nm	  relative	  to	  the	  amount	  of	  power	  put	  into	  the	  system.	  	  Furthermore,	  because	  there	  is	  
very	  little	  out	  of	  band	  radiation,	  less	  consideration	  needs	  to	  be	  taken	  for	  spectral	  purity	  filters	  
and	  also	  the	  additional	  heating	  that	  is	  a	  consequence	  of	  out	  of	  band	  radiation.	  	  Condensation	  of	  
the	  metal	  onto	  the	  collector	  optics	  causes	  EUV	  reflection	  degradation	  and	  leads	  to	  higher	  cost	  
of	  ownership.	  
	  
Figure	  2.4:	  The	  spectral	  density	  plots	  of	  Li,	  Sn,	  and	  Xe	  are	  presented.	  	  Each	  plot	  is	  normalized	  to	  unity	  and	  does	  
not	  represent	  the	  absolute	  amount	  of	  EUV	  emission.	  	  These	  plots	  reveal	  why	  Li	  is	  ideal	  as	  a	  mono-­‐energetic	  light	  
emitter,	  and	  why	  Xe	  and	  Sn	  are	  more	  ideal	  for	  their	  output.	  	  The	  11-­‐mirrors	  line	  is	  a	  computational	  calculation	  
suggesting	  the	  reflectivity	  of	  the	  Sn	   line	  at	  a	  given	  wavelength	  with	  11	  mirrors	  being	  used.	   	  Figure	  taken	  from	  	  
[39].	  
	  
	   The	  second	  EUV	  fuel,	  Xe,	   improves	  on	  the	  issues	  of	  Li	  because	  it	   is	  a	  noble	  gas.	   	  While	  
the	   issues	   of	   reactivity	   and	   condensation	   are	   not	   an	   issue,	   the	   high	   mass	   Xe	   atom	   is	   very	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capable	   of	   causing	   damage	   to	   the	   collector	   optics.	   	   Xe	   also	   suffers	   from	   the	   fact	   that	   its	  
conversion	  efficiency	  is	  less	  than	  1%	  [43,	  44].	  	  The	  low	  conversion	  efficiency	  is	  a	  consequence,	  
of	  only	  having	  the	  10+	   ionization	  state	  contributing	  to	  EUV	  photons	  production.	   	  With	  such	  a	  
low	   conversion	   efficiency,	   the	   only	   method	   to	   increase	   the	   light	   output	   for	   high	   volume	  
manufacturing	   is	   to	   scale	   the	   energy	  being	  deposited	   into	   the	   source.	   	   This	  method	   leads	   to	  
increased	   thermal	   loads	  on	  collector	  optics	  and	  near-­‐by	  walls	   that	  need	   to	  be	  accounted	   for.	  	  
High	  thermal	  loads	  on	  collector	  optics	  increase	  diffusion	  and	  warping	  of	  mirrors,	  which	  leads	  to	  
a	  reduction	  in	  power	  output	  and	  thus	  is	  not	  effective	  for	  high	  volume	  manufacturing	  or	  cost	  of	  
ownership	  [45].	  
	   Sn	   fuel	   exists	   as	   a	   happy	  medium	   between	   these	   two	   fuels,	   and	   is	   currently	   the	   fuel	  
being	   used	   in	   EUV	   lithography	   tools.	   	   Sn	   has	   the	   advantage	   of	   utilizing	   both	   its	   8+	   and	   10+	  
ionization	  states	  for	  creating	  EUV	  light,	  and	  as	  such	  its	  conversion	  efficiency	  can	  theoretically	  be	  
increased	  to	  6%,	  though	  current	  practice	   is	   limited	  to	   less	  than	  4%	  [46-­‐48].	   	  Unfortunately	  Sn	  
suffers	   the	  same	  condensability	   issues	  exhibited	  with	  Li,	   though	   it	   is	   less	   reactive.	   	  As	  such,	  a	  
great	  deal	  of	  effort	  has	  been	  placed	  on	  developing	  methods	  for	  cleaning	  Sn	  off	  of	  the	  collector	  
optics	   [49].	   	   Ultimately,	   however,	   Sn	   is	   the	   only	   current	   likely	   candidate	   for	   high	   volume	  
manufacturing	  because	  it	  is	  the	  optimum	  balance	  between	  advantages	  and	  disadvantages.	  
	  
2.3.3	  EUV	  Sources	  and	  Collector	  Optics	  
	   Current	   EUV	   lithography	   source	   tools	   can	   be	   categorized	   into	   two	   groups:	   laser	  
produced	   plasma	   sources,	   and	   gas	   discharge	   produced	   plasma	   sources.	   	   Even	   though	   the	  
resulting	  plasma	  development,	  and	  EUV	  light	  production	  is	  relatively	  similar,	  the	  two	  different	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methods	  accomplish	  the	  same	  goal	   in	  complete	  different	  manners.	   	  Focusing	  primarily	  on	  the	  
current	  use	  of	  Sn	  as	  the	  EUV	  fuel,	  laser	  produced	  plasma	  sources	  fire	  a	  laser	  at	  a	  small	  liquid	  Sn	  
droplet.	   	  The	  laser	  initially	   liberates	  electrons	  at	  the	  front	  of	  the	  droplet.	   	  These	  electrons	  are	  
then	  accelerated	   into	  the	  bulk	  of	   the	  material,	  both	  heating	  and	   ionizing	  the	  droplet	   into	  hot	  
dense	  plasma.	   	  The	  kinetic	  energy	  of	  the	  electrons	  is	  proportional	  to	  the	  energy	  deposited	  by	  
the	   laser,	   and	   as	   such	   it	   is	   required	   to	   have	   greater	   than	   1010	  W/cm2	   fluence	   as	  mentioned	  
previously.	  	  A	  droplet	  generator,	  as	  shown	  in	  figure	  2.5,	  produces	  droplets	  that	  are	  ejected	  with	  
diameters	   of	   10	   –	   150	  µm	   [50].	   	   The	   laser	   hits	   the	  droplet	   from	  behind	   at	   the	   center	   of	   the	  
collector	  optic.	  	  The	  light	  is	  then	  collected	  using	  a	  normal	  incidence	  collector	  optic,	  illustrated	  in	  
figure	   2.6,	   that	   then	   focuses	   the	   light	   onto	   the	   intermediate	   focus	   [51].	   	   Normal	   incidence	  
mirrors	   are	   used	  with	   laser	   produced	  plasma	   systems	  because	   they	   allow	   the	   collection	  of	   a	  
larger	  solid	  angle	  of	  light	  than	  grazing-­‐incident	  optics	  that	  will	  be	  discussed	  when	  talking	  about	  
gas	  discharge	  produced	  plasma	  sources.	   	  The	  first	   form	  of	  debris	  mitigation	   in	   laser	  produced	  
plasma	  systems	  is	  the	  use	  of	  mass-­‐limited	  targets,	  which	  are	  only	  large	  enough	  to	  produce	  EUV,	  
and	   small	   enough	   to	   not	   have	   more	   fuel	   than	   is	   truly	   needed.	   	   It	   has	   been	   shown	   that	  
decreasing	   the	  density	  of	   the	  Sn	  droplet	   increases	  conversion	  efficiency,	  and	  as	   such	   there	   is	  
often	  a	  pre-­‐pulse	  laser,	  which	  simply	  causes	  the	  droplet	  to	  expand.	  	  The	  increase	  in	  conversion	  
efficiency	  is	  due	  to	  the	  fact	  that	  at	  higher	  densities,	  the	  droplet	  is	  optically	  dense	  for	  EUV	  light	  
to	  be	  emitted,	  and	  as	  such	  it	  is	  often	  a	  trade-­‐off	  between	  how	  much	  fuel	  to	  be	  included	  in	  each	  
shot	  and	  the	  ability	  to	  extract	  as	  much	  EUV	  as	  possible	  [52].	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Figure	  2.5:	  A	  diagram	  of	  an	   laser	  produced	  plasma	  assembly	   shows	   the	  various	   components	  of	  a	  Cymer	   laser	  
produced	  plasma	  assembly.	  	  A	  liquid	  drop	  generator	  ejects	  molten	  Sn	  droplets	  into	  the	  chamber	  where	  a	  laser	  is	  
used	  to	  create	  an	  EUV	  plasma	  from	  behind	  the	  collector	  optic.	   	  The	  light	  is	  collected,	  using	  a	  normal	  incidence	  
mirror,	  and	  projected	  onto	  the	  intermediate	  focus.	  	  Figure	  taken	  from	  [50].	  
	  
Figure	  2.6:	  A	  schematic	  diagram	  of	  how	  laser	  produced	  plasma	  collector	  optics	  collect	  EUV	  light.	  	  laser	  produced	  
plasma	  mirrors	  are	  normal	  incidence	  and	  placed	  directly	  behind	  the	  EUV	  source.	  	  A	  laser	  is	  fired	  through	  a	  hole	  
in	  the	  collector	  to	  allow	  for	  the	  production	  of	  EUV	  light	  from	  a	  Sn	  droplet.	  	  Figure	  taken	  from	  [51].	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   The	  second	  style	  of	  source,	  gas	  discharge	  produced	  plasma,	  utilizes	   the	  more	  efficient	  
method	   of	   electric	   discharge.	   	   There	   are	   effectively	   two	   different	   styles	   of	   gas	   discharge	  
produced	  plasmas	  sources	  that	  are	  presently	  being	  investigated	  for	  EUV	  applications.	  	  The	  first	  
method,	   detailed	   in	   section	   2.2.1	   utilizes	   a	   Z-­‐pinch	   to	   create	   the	   elevated	   temperatures	   and	  
densities	   required	   to	   make	   EUV	   light.	   	   The	   second	   method,	   which	   will	   be	   discussed	   in	   this	  
section,	   utilizes	   a	   rotating	   disk	   electrode	   covered	   in	   molten	   Sn	   as	   shown	   in	   figure	   2.7.	   	   A	  
potential	   is	   applied	   between	   the	   two	   electrodes,	   which	   are	   rotating	   and	   constantly	   being	  
replenished	  with	  molten	  Sn.	  	  An	  excimer	  laser	  is	  then	  fired	  at	  one	  of	  the	  electrodes,	  causing	  a	  
plume	  of	  Sn	  to	  bridge	  the	  gap	  between	  the	  electrodes.	  	  A	  pinch	  is	  formed	  across	  the	  gap,	  and	  
current	   flowing	  through	  the	  Sn	  plume	  creates	  EUV	   light	   [53].	  Unfortunately,	  even	  though	  the	  
gap	  discharge	  source	   is	  the	  most	  efficient	  of	  any	  of	  the	  sources,	  the	  presence	  of	  plasma	  near	  
the	  electrodes	   leads	   to	  additional	  debris	  being	   introduced	   into	   the	  plasma.	   	  This	   can	  cause	  a	  
great	   deal	   of	   problems	   with	   the	   grazing	   incident	   mirrors	   used	   to	   collect	   the	   light.	   	   Grazing	  
incidence	   mirrors,	   as	   shown	   in	   figure	   2.8,	   collect	   light	   using	   a	   two	   bounce	   system	   [54].	  	  
Unfortunately,	  due	  to	  the	  geometric	  limitations	  of	  gas	  discharge	  produced	  plasma	  sources,	  the	  
grazing	   incidence	  mirrors	  do	  not	  collect	  as	  much	   light	  as	   the	  mirrors	  used	   for	   laser	  produced	  
plasma	  applications.	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Figure	  2.7:	  A	  rotating	  disk	  electrode	  source	  is	  one	  of	  a	  few	  different	  types	  of	  gas	  discharge	  produced	  plasmas.	  	  
The	  two	  disks	  rotate,	  and	  are	  coated	  in	  a	  thin	  Sn	  layer	  which	  replenishes	  the	  fuel.	  	  A	  laser	  is	  fired	  externally	  that	  
causes	  a	  plume	  of	  Sn	  gas	  to	  gap	  the	  two	  electrodes.	  	  The	  potential	  on	  the	  electrodes	  is	  then	  discharged	  across	  
the	  gap	  creating	  EUV	  light.	  	  Figure	  taken	  from	  [53].	  
	  
	  
Figure	  2.8:	  The	  gas	  discharge	  produced	  plasma	  source	  grazing-­‐incidence	  collector	  optic.	  	  Unlike	  laser	  produced	  
plasma	  normal	  incidence	  mirrors,	  grazing	  incidence	  mirrors	  collect	  light	  between	  the	  source	  and	  the	  
intermediate	  focus.	  	  Grazing	  incidence	  mirrors	  often	  utilize	  a	  two-­‐bounce	  collection	  technique	  in	  order	  to	  
increase	  the	  amount	  of	  light	  collected	  while	  being	  able	  to	  reduce	  the	  physical	  footprint	  of	  the	  collector.	  
	  
	  
	  
21	  
	   Normal	  incidence	  collector	  optics	  are	  constructed	  using	  a	  multi-­‐layer	  mirror	  fabrication	  
technique.	   	  The	  chosen	  materials	   for	   the	  multi-­‐layer	  mirror	   structure	  are	   typically	  alternating	  
bilayers	  of	  high	  and	  low	  Z,	  in	  order	  to	  maximize	  the	  constructive	  interference	  of	  the	  light	  being	  
reflected	  off	  of	  the	  surface.	  	  Typical	  materials	  chosen	  for	  these	  layers	  are	  6.9	  nm	  of	  Si	  and	  Mo.	  	  
These	   materials	   are	   chosen	   for	   their	   high	   contrast	   and	   low	   absorption	   of	   EUV	   light.	   	   The	  
segmented	  length	  of	  6.9	  nm	  is	  chosen	  because	  it	  is	  nearly	  half	  the	  wavelength	  of	  13.5	  nm	  light,	  
thus	  optimizing	  Bragg	  diffraction	  [31,	  55,	  56].	  	  The	  optimum	  number	  of	  Mo/Si	  bilayers	  is	  40	  or	  
50	  because	  more	  bilayers	  do	  not	  increase	  the	  reflection,	  and	  only	  adds	  to	  the	  fabrication	  costs.	  	  
One	   issue	  of	  concern	  with	  multi-­‐layer	  mirrors	   is	   the	  oxidation	  of	  the	  Si	   top	   layer.	   	   In	  order	  to	  
prevent	  such	  oxidation,	  an	  approximately	  2	  nm	  thick	  layer	  of	  Ru	  is	  deposited	  on	  the	  outermost	  
surface.	  Ru	  is	  chosen	  for	  its	  high	  reflectivity,	  low	  absorption,	  and	  high	  oxidation	  resistance	  [57].	  	  
Diffusion	   amongst	   the	   layers	   is	   also	   a	   concern,	   and	   much	   research	   has	   been	   invested	   in	  
Gibbsean	  segregation	  alloys,	  and	  other	  diffusion	  barriers	  [58,	  59].	  	  	  
	   Grazing	  incidence	  mirrors	  do	  not	  need,	  and	  are	  unable	  to	  employ,	  Bragg	  diffraction	  and	  
are	  consequently	  not	  constructed	  as	  multi-­‐layer	  mirrors.	  	  The	  chosen	  metal	  for	  such	  mirrors	  is	  
Ru,	   for	   the	   same	   reasons	   it	   is	   used	   as	   a	   capping	   layer	   on	  multi-­‐layer	  mirrors	   [57].	   	   Its	   high	  
reflectivity	  and	  low	  oxidation	  make	  it	  the	  most	  ideal	  candidate.	  	  Other	  methods	  employ	  similar	  
stacking	   layers	  to	  normal	   incidence	  mirrors,	   though	  the	  primary	  goal	  with	  these	  systems	   is	  to	  
resist	   reflectivity	   loss	   due	   to	   mirror	   degradation	   caused	   by	   energetic	   species	   bombardment	  
[60].	  	  	  
	   Ultimately,	   the	   two	  major	   differences	   between	   the	   normal	   incidence	  mirrors	   and	   the	  
grazing	  incidence	  mirrors	  exists	  in	  their	  construction.	  	  The	  first	  major	  difference	  exists	  because	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normal	   incidence	   mirrors	   require	   the	   use	   of	   a	   multi-­‐layer	   mirror	   structure	   where	   grazing	  
incidence	  mirrors	  do	  not.	  	  The	  effects	  of	  diffusion	  and	  inter-­‐layer	  mixing	  due	  to	  energetic	  debris	  
damage	  are	  more	  relevant	  to	  normal	  incidence	  mirrors	  than	  grazing	  incidence	  mirrors.	   	  While	  
energetic	   debris	   is	   still	   very	   detrimental	   to	   grazing	   incidence	  mirrors,	   it	   is	  manifested	   in	   the	  
development	   of	   surface	   roughness,	   which	   causes	   scattering	   and	   diffusion	   of	   the	   light	   being	  
reflected.	  	  In	  concept,	  it	  is	  easier	  to	  create	  a	  grazing	  incidence	  mirror,	  though	  it	  is	  more	  difficult	  
to	  maintain	   its	   reflectivity	  when	  exposed	   to	   the	  energetic	  debris	   created	  by	   the	  EUV	  plasma.	  	  
Developing	  the	  multi-­‐layer	  mirror	  structure	  of	  normal	  incidence	  mirrors	  is	  very	  difficult	  because	  
each	  layer	  needs	  to	  be	  very	  uniform	  and	  smooth,	  and	  even	  more	  difficulty	  is	  incurred	  in	  having	  
to	  work	  with	  a	  curved	  surface.	  	  A	  second	  major	  difference	  between	  the	  two	  techniques	  is	  the	  
amount	  of	  light	  that	  can	  be	  collected.	  	  Because	  the	  normal	  incidence	  mirror	  is	  only	  one	  surface,	  
which	   collects	   a	   finite	   segment	  of	   the	   area	   through	  which	   the	   light	   is	   projected,	   it	   is	   able	   to	  
theoretically	  collect	  more	  light	  in	  a	  given	  space	  requirement	  than	  the	  grazing	  incidence	  mirror	  is	  
able	   to	   collect.	   	   Furthermore,	   the	   collection	   area	   of	   the	   grazing	   incidence	   mirror	   is	   limited	  
because	  it	  needs	  to	  be	  manufactured	  in	  layers	  of	  shells.	  	  There	  is	  a	  finite	  distance	  between	  each	  
mirror	   that	   needs	   to	  be	  maintained,	   and	   it	   is	   impossible	   to	   reflect	  minimal	   angles	   directly	   in	  
front	  of	  the	  plasma.	  	  Thermal	  loads	  are	  of	  great	  concern	  for	  both	  mirror	  types,	  as	  heating	  of	  the	  
mirrors	  can	  cause	  warping,	  and	  diffusion	  of	  the	  materials	  of	  which	  the	  mirrors	  are	  composed.	  	  
Furthermore,	   both	   mirrors	   are	   strongly	   affected	   by	   the	   presence	   of	   deposited	   EUV	   fuel	  
contaminants,	  which	  have	  the	  potential	  of	  changing	  the	  composition	  of	  the	  mirror	  surface.	  	  	  
	   The	  primary	  concerns	  of	  collector	  optics	  arise	  due	  to	  its	  proximal	  location	  near	  the	  EUV	  
source.	  	  As	  mentioned	  previously,	  as	  the	  magnetic	  pressure	  or	  laser	  pressure	  is	  decreased	  and	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the	  plasma	  is	  allowed	  to	  expand,	  energetic	  ions	  and	  neutrals	  are	  subject	  to	  damaging	  the	  fine	  
structures	   of	   the	   mirrors.	   	   Furthermore,	   due	   to	   the	   fact	   that	   13.5	   nm	   light	   is	   being	   used,	  
changes	  in	  surface	  roughness	  above	  0.5	  nm	  considerably	  affect	  the	  reflectivity	  of	  these	  mirrors.	  
Other	  concerns	  in	  collector	  optic	  performance	  are	  caused	  by	  the	  diffusion	  of	  the	  mirrors	  due	  to	  
thermal	   loads,	   as	   well	   as	   oxidation	   and	   ion	   implantation.	   	   If	   the	   layers	   are	   altered	   by	  
deposited/implanted	  Sn,	  Xe,	  or	  Li,	  the	  reflectivity	  of	  the	  mirror	  will	  be	  lowered	  and	  the	  cost	  of	  
ownership	  of	  the	  entire	  tool	  will	  be	  elevated.	   	  The	   issues	  regarding	  the	  detrimental	  effects	  of	  
energetic	  debris	  will	  be	  mentioned	  in	  the	  next	  section.	  
	  
2.4	  Extreme	  Ultraviolet	  Light	  Source	  Debris	  
	   One	  of	   the	  primary	   concerns	  with	   the	  development	  of	   an	   EUV	   lithography	   tool	   is	   the	  
lifetime	  of	  the	  collector	  optic.	  	  Because	  these	  elements	  cost	  millions	  of	  dollars	  to	  produce,	  their	  
lifetime	  is	  directly	  presented	  in	  the	  cost	  of	  ownership	  of	  such	  a	  tool.	  	  As	  mentioned	  in	  section	  
2.3,	  three	  different	  factors	  have	  a	  direct	  influence	  on	  the	  mirror	  lifetime:	  the	  thermal	  load	  on	  
the	  collector	  optics,	  deposited	  contamination	  of	  EUV	  fuels,	  as	  well	  as	  energetic	  debris	  flux	  on	  
the	   surface	   of	   the	   collector	   optics.	   	   Because	   the	   collector	   optics	   are	   positioned	   in	   proximal	  
distance	   to	   the	   EUV	   plasma,	   the	   debris	   (anything	   that	   isn’t	   EUV)	   developed	   in	   the	   plasma	   is	  
going	  to	  impact	  the	  collector	  optic	  if	  complete	  mitigation	  of	  debris	  is	  not	  possible.	  	  	  
	   The	   first	   of	   the	   above	   factors,	   thermal	   loads,	   is	   a	   direct	   consequence	   of	   incident	  
energetic	  particles	  as	  well	  as	  out-­‐of-­‐band	  radiation.	  	  Developing	  EUV	  light	  also	  creates	  infrared	  
light,	  ultraviolet	  light,	  as	  well	  as	  light	  in	  the	  visible	  spectrum.	  	  Because	  the	  collector	  optics	  are	  
only	  optimized	  to	  reflect	  EUV	  light,	  the	  out	  of	  band	  radiation	  will	  be	  partially	  absorbed	  (though	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parts	  of	   the	  spectrum	  will	  also	  be	  reflected	  which	   is	  not	  desirable)	  causing	  a	  thermal	   load	  on	  
the	  collector	  optics	  that	  is	  increased	  with	  the	  scaling	  of	  the	  EUV	  source	  power.	  	  Energetic	  atoms	  
that	  are	  scattered	  within	  the	  mirrors	  will	  also	  excite	  the	  mirror	  atoms	  and	  lead	  to	  an	  increase	  in	  
the	  bulk	   temperature.	   	  Ultimately	   the	  effects	  of	   the	   increase	   in	   temperature	  of	   the	   collector	  
optic	  will	  lead	  to	  inter-­‐layer	  diffusion	  and	  strain	  between	  layers.	  	  Inter	  layer	  diffusion,	  especially	  
relevant	   to	  multi-­‐layer	  mirrors,	   limits	   the	   effectiveness	   of	   Bragg	   diffraction	   and	   reduces	   the	  
ideal	   reflection	  of	   EUV.	   	   By	   inducing	   strain	  on	   the	   layers	   (caused	  by	  different	  material	   layers	  
having	  different	   coefficients	  of	   expansion)	   inter-­‐layer	  defects	  will	   be	   created	   that	  will	   have	  a	  
malevolent	  effect	  on	  the	  mirror	  surfaces	  that	  need	  to	  be	  smooth.	  
	   The	  second	  mentioned	  influence	  on	  collector	  optic	  lifetime,	  deposited	  contamination	  of	  
EUV	   fuels	   is	   of	   considerable	   concern	   in	   light	   of	   industry’s	   shift	   to	   condensable	   Sn	   fuel.	   	   The	  
materials	   chosen	   to	   reflect	  EUV	   light	  off	  of	   the	  mirror	   surface	  are	   chosen	  because	   they	  have	  
electrical	   properties	   that	   are	   ideal	   for	   reflecting	   a	   certain	   bandwidth	   of	   light.	   	   Sn	   is	   not	   a	  
material	   that	   is	   ideal	   for	   reflecting	   EUV	   light,	   and	   as	   such	   its	   presence	  on	   the	  mirror	   surface	  
causes	  degradation	  in	  reflectivity,	  which	  increases	  cost	  of	  ownership.	  	  Furthermore,	  even	  with	  
sub-­‐monolayer	  deposition,	  the	  addition	  of	  Sn	  on	  the	  surface	  creates	  surface	  roughness,	  which	  
is	  detrimental	  to	  EUV	  reflectivity	  –	  this	  is	  of	  grave	  concern	  for	  grazing	  incidence	  mirrors.	  	  	  
	   The	  last	  influence	  on	  collector	  optic	  lifetime,	  and	  of	  considerable	  focus	  for	  this	  thesis,	  is	  
the	  effect	  of	  energetic	  debris	   flux	  on	   the	  surface	  of	   the	  collector	  optics.	   	  As	  will	  be	  shown	   in	  
chapter	  5,	  EUV	  plasma	  generates	  energetic	  ions	  and	  neutrals.	  	  These	  energetic	  atoms	  can	  have	  
as	  much	  energy	  as	  40	  keV.	  	  This	  energetic	  debris	  can	  be	  implanted	  into	  the	  mirror	  or	  sputter	  the	  
surface	   layer	  of	   the	  mirror.	   	   Implantation	   into	  the	  mirror	  can	  create	  substrate-­‐doping	  defects	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that	  affect	  the	  optical	  parameters	  of	  the	  mirror,	  cause	  inter-­‐layer	  scattering	  which	  reduce	  the	  
effectiveness	   of	   Bragg	   diffraction,	   and	   can	   even	   cause	   EUV	   absorption	   that	   leads	   to	   thermal	  
concerns.	   	  Surface	  sputtering	  leads	  to	  an	  increase	  in	  surface	  roughness,	  which	  can	  reduce	  the	  
reflectivity	   of	   the	   mirror	   and	   increase	   cost	   of	   ownership.	   	   While	   thermal	   issues	   can	   be	  
addressed	  with	  external	   cooling	   lines,	  and	  EUV	   fuel	   contamination	  can	  be	  addressed	  with	   in-­‐
situ	  cleaning,	  energetic	  debris	  flux	   is	   largely	  the	  most	  difficult	  to	  mitigate.	   	  The	  reason	  it	   is	  so	  
difficult	  to	  address	  is	  that	  the	  mitigation	  schemes	  have	  to	  be	  present	  between	  the	  EUV	  source	  
and	   the	  collector	  optic.	   	  They	  cannot	  have	  a	  noticeable	   impact	  on	   the	  collection	  of	  EUV	   light	  
because	   this	  would	   lead	   to	   an	   increase	   in	   cost	   of	   ownership,	   and	   furthermore	   they	  must	   be	  
minimal	   in	  size	  because	  the	   further	  away	  the	  collector	  optics	  are	   from	  the	  plasma,	   the	   larger	  
they	  need	  to	  be	  to	  maintain	  a	  certain	  collection	  angle.	  	  The	  interest	  of	  this	  thesis	  is	  in	  regards	  to	  
the	  neutral	  energetic	  debris	  that	   is	  created	  by	  EUV	  plasma.	   	  The	  reason	  this	  debris	   is	  more	  of	  
concern	   than	   the	   energetic	   ion	   flux	   is	   because	   the	   ion	   flux	   is	   able	   to	   be	   deflected	   using	  
magnetic	   and	  electric	   fields.	   	  Neutral	   debris	   is	   not	   responsive	   to	   such	   technique	  and	  as	   such	  
novel	  an	  approach	  must	  be	  created	  to	  reduce	  the	  transport	  of	  such	  debris	  to	  the	  collector	  optic	  
surface.	  	  	  
	  
2.5	  Aim	  of	  Present	  Work	  
	   The	   eventual	   success	   of	   EUV	   lithography	   hinges	   upon	   the	   ability	   to	   develop	   a	   source	  
that	  has	  relatively	  low	  cost	  of	  ownership.	  	  As	  such,	  the	  lifetime	  of	  the	  costly	  collector	  optics	  is	  a	  
primary	   concern	   for	   source	   developers	   seeking	   to	   produce	   a	   tool	   for	   high	   volume	  
manufacturing.	   	   As	  mentioned	   in	   the	   previous	   section,	   energetic	   debris,	   created	   by	   the	   EUV	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plasma,	   detrimentally	   affects	   the	   lifetime	   of	   collector	   optics	   and	   consequently	   increases	   the	  
cost	  of	  ownership	  of	  an	  EUV	  lithography	  tool.	   	  The	  increase	  in	  cost	  of	  ownership	  is	  not	  only	  a	  
part	  of	  having	  to	  replace	  the	  multi-­‐million	  dollar	  optics,	  but	  also	   largely	  due	  to	  the	  downtime	  
required	  to	  replace	  the	  optics.	   	   In	  the	  focus	  of	  the	  presented	  work	  in	  this	  thesis,	  the	  effect	  of	  
neutral	  debris	  will	  be	  investigated.	  	  Until	  the	  work	  done	  for	  this	  thesis,	  only	  energetic	  ion	  debris	  
had	  been	  investigated.	  	  Charged	  debris	  is	  relatively	  easy	  to	  work	  with	  because	  it	  can	  be	  diverted	  
away	   from	   the	   collector	   optics	   with	   electric	   and	   magnetic	   fields.	   	   Novel	   techniques	   are,	  
however,	  required	  to	  deflect	  neutral	  debris.	  	  The	  purpose	  of	  this	  work,	  as	  will	  be	  presented,	  is	  
to	  allow	  for	  the	  quantification	  of	  the	  quantity	  and	  energy	  of	  this	  energetic	  neutral	  flux.	  	  As	  such,	  
various	   debris	   mitigation	   techniques	   can	   be	   evaluated	   with	   potential	   to	   allow	   EUV	   source	  
suppliers	  to	  optimize	  their	  tools	  to	  produce	  minimal	  amounts	  of	  damage	  to	  collector	  optics.	  	  In	  
order	   to	   allow	   for	   the	   characterization	   of	   this	   neutral	   debris,	   a	   neutral	   detector	   has	   been	  
developed	  which	  allows	  for	  the	  measurement	  of	  the	  flux	  being	  emitted	  by	  EUV	  sources.	  
	  
2.6	  Previous	  Works	  
	   The	  work	  presented	   in	  this	  thesis	   is	   intended	  to	  support	  the	  development	  of	  EUV	  as	  a	  
next	   generation	   technology	   for	   the	   advancement	   of	   the	   computer	   chip	   manufacturing	  
technology.	   	  Massive	   collaboration	  between	   industry	  and	   research	   institutions	  has	   led	   to	   the	  
development	  of	  many	  novel	   techniques	   to	   tackle	   the	  ever-­‐present	   issues	  EUV	   faces	  before	   it	  
becomes	   viable	   for	  high	   volume	  manufacturing.	   	   To	   this	   end,	   the	  Center	   for	  Plasma-­‐Material	  
Interactions	   has	   been	   intimately	   involved	   in	   many	   different	   aspects	   of	   these	   developments	  
including,	   but	   not	   excluded	   to,	   mask	   cleaning,	   collector	   optic	   cleaning,	   and	   source	   debris	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characterization	  mitigation	  technology.	  	  The	  development	  of	  the	  neutral	  detector	  presented	  in	  
this	   thesis	   represents	   the	   first	   such	   detector	   to	   be	   developed	   for	   applications	   in	   the	  
advancement	   of	   EUV	   technology.	   	   The	   results	   presented	   here,	   detailing	   the	   neutral	   debris	  
characterization	   of	   three	   different	   EUV	   sources,	   are	   the	   first	   of	   their	   kind	   that	   have	   been	  
publicly	   published.	   	   Previous	   such	   neutral	   detectors	   have	   however	   been	   developed	   with	  
applications	   to	  measuring	  energetic	  neutral	   atoms	  originating	   from	  stellar	  bodies,	   interstellar	  
winds,	  and	  even	  our	  own	  atmosphere	  [61-­‐63].	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CHAPTER	  3	  
EXPERIMENTAL	  APPARATUS	  
3.1	  Introduction	  
	   Familiarization	  with	  the	  experimental	  apparatus	  is	  always	  requisite	  in	  understanding	  the	  
achieved	  results.	  	   	  This	  chapter	  will	  provide	  the	  necessary	  information	  required	  to	  understand	  
how	   the,	   soon	   to	   be	   presented,	   results	   were	   obtained,	   and	   any	   limitations	   of	   future	  
developments.	   	   The	   first	   device	   to	   be	   described	   is	   the	   XTREME	   XTS	   13-­‐35	   gas	   discharge	  
produced	  plasma,	  which	  is	  the	  main	  component	  for	  which	  the	  detector	  of	  this	  thesis	  was	  meant	  
to	   measure.	   	   The	   consequent	   sections	   of	   this	   chapter	   detail	   the	   XTREME	   commercial	   EUV	  
emission	   diagnostic	   (XCEED),	   XCEED’s	   debris	   mitigation	   capabilities,	   as	   well	   as	   the	   three	  
detectors	  that	  are	  critical	  to	  analyzing	  the	  energetic	  charged	  and	  neutral	  debris	  emanating	  from	  
the	  XTS	  13-­‐35	   source.	   	   Lastly,	   the	  development	  of	   a	   Sn-­‐fueled	  modification	   to	   the	  XTS	  13-­‐35	  
source	  will	  be	  discussed,	  as	  well	  as	  the	  ZaP	  project	  at	  the	  University	  of	  Washington	  which	  was	  
measured	  for	  energetic	  ion	  and	  neutral	  debris.	  	  The	  order	  of	  these	  subjects	  is	  chosen	  to	  provide	  
a	   conceptual	   progression	   from	   the	   creation	   of	   EUV	   light	   to	   the	   detection	   and	   removal	   of	  
damaging	  debris.	  	  	  
	  
3.2	  XTS	  13-­‐35	  Gas	  Discharge	  Produced	  Plasma	  	  EUV	  Source	  
	   In	  2004,	  the	  Center	  for	  Plasma-­‐Material	  Interactions	  received	  an	  XTS	  13-­‐35	  source	  from	  
XTREME	  Technologies	  GmbH	  (figure	  3.1).	  This	  tool	   is	  rated	  to	  produce	  35	  W,	   in	  2π	  sr,	  of	  13.5	  
nm	  light	  (2%	  bandwidth)	  when	  operating	  at	  the	  maximum	  frequency	  of	  1	  kHz	  [64].	  	  The	  version	  
of	   the	   XTS	   13-­‐35	   used	   by	   the	   Center	   for	   Plasma-­‐Material	   Interactions	   was	   originally	   only	  
	  
	  
29	  
operated	   using	   Xe	   gas	   for	   EUV	   creation.	   	   Using	   this	   gas	   species,	   the	   EUV	   source	   roughly	  
maintains	  0.55%	  conversion	  efficiency.	   	   Conversion	  efficiency,	   in	   this	   case,	   is	   the	   ratio	  of	   the	  
amount	  of	  13.5	  nm	  (2%	  bandwidth)	  power	  that	   is	  produced	  to	  the	  amount	  of	  power	  put	   into	  
the	  entire	  system	  [65].	  	  	  
	  
Figure	   3.1:	   	   The	   XTS	   13-­‐35	   EUV	   source	   is	   shown	   coupled	  with	   the	   XCEED	   chamber.	   	   The	   XTS	   13-­‐35	   source	   is	  
capable	  of	  creating	  35	  W	  of	  EUV	  light	  in	  2π 	  sr	  with	  operation	  frequency	  of	  1000	  Hz.	  	  The	  XCEED	  chamber	  is	  used	  
to	  measure	  EUV	  emission,	  energetic	  flux,	  and	  to	  test	  mitigation	  techniques.	  
	  
	   The	  XTS	  13-­‐35	  utilizes	  the	  fundamental	  physics	  of	  the	  z-­‐pinch,	  conceptually	  described	  in	  
chapter	   2,	   to	   compress	   pre-­‐ionized	   Xe	   plasma	   to	   the	   point	   that	   it	   ionizes	   more	   than	   10	  
electrons	  from	  the	  Xe	  atom.	  	  The	  consequent	  4d-­‐5p	  transition	  emits	  13.5	  nm	  light	  which	  is	  the	  
utilized	  for	  the	  production	  of	  EUV	  light	  [66].	  	  The	  capacitor	  bank	  of	  the	  XTS	  13-­‐35	  is	  charged	  to	  
2.5	  kV	  and	  is	  discharged	  with	  a	  current	  approaching	  20	  kA	  over	  a	  period	  of	  approximately	  0.1	  µs	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to	  create	  the	  30	  eV,	  1019	  cm-­‐3	  plasma	  necessary	  to	  produce	  EUV.	  	  The	  cylindrical	  pinch	  plasma	  
expands	  radially	  from	  the	  source	  emitting	  EUV,	  out	  of	  band	  radiation,	  as	  well	  as	  energetic	  ions	  
and	  neutrals.	  
	  
3.3	  XCEED	  
	   In	  order	  to	  allow	  experimental	  investigations	  of	  the	  XTS	  13-­‐35	  source,	  the	  XTREME	  
commercial	  EUV	  emission	  diagnostic	  (XCEED)	  was	  developed.	  	  XCEED,	  diagramed	  in	  figure	  3.2,	  is	  
a	  large	  vacuum	  chamber	  that	  couples	  directly	  to	  the	  XTS	  13-­‐35	  source.	  	  Originally	  developed	  in	  
2004,	  the	  chamber	  was	  designed	  with	  the	  intent	  to	  allow	  the	  characterization	  of	  energetic	  
debris,	  EUV	  exposure	  experiments,	  as	  well	  as	  the	  ability	  to	  accommodate	  unforeseen	  
experiments	  for	  the	  future.	  
	  
Figure	  3.2:	  The	  XCEED	  chamber	  is	  diagramed	  with	  the	  neutral	  detector/ESA	  diagnostic	  attached	  to	  the	  25o	  port	  	  
The	  neutral	  detector	  is	  in	  line-­‐of-­‐sight	  to	  the	  EUV	  source,	  and	  is	  aligned	  using	  a	  laser	  which	  travels	  through	  a	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(Figure	  3.2	  cont.)	  minimizing	  pumping	  orifice,	  and	  is	  incident	  on	  the	  electrode.	  	  The	  ESA	  is	  placed	  between	  the	  
pinch	  and	  the	  neutral	  detector	  to	  help	  mitigate	  debris	  and	  measure	  energetic	  ion	  flux.	  
	  
3.3.1	  Chamber	  design	  
	   The	  chamber	  itself	  is	  a	  cylinder	  that	  has	  a	  radius	  of	  46	  cm	  and	  extends	  a	  length	  of	  35.6	  
cm,	  and	  is	  solely	  constructed	  out	  of	  304L	  stainless	  steel.	  	  The	  XCEED	  chamber	  is	  coupled	  to	  the	  
XTS	  13-­‐35	   source	  using	  an	   ISO250	  port.	   	   Three	   separate	   ISO250	  ports	   are	  available	   to	  attach	  
turbomolecular	  pumps	  to	  the	  system.	   	  While	  there	  exist	  numerous	  Conflat	   flanges	  positioned	  
around	   the	   chamber,	   the	   critical	   ports	   are	   the	   nine	   2-­‐3/4”	   flanges	   positioned	   along	   the	  
horizontal	  plane	  that	  extends	  through	  the	  center	  of	  pinch.	  	  These	  ports	  are	  placed	  in	  direct	  line-­‐
of-­‐sight	  to	  the	  pinch	  and	  located	  every	  5o	  along	  a	  0.72	  cm	  radius	  around	  the	  pinch	  from	  10o	  to	  
45o.	   	   These	   ports	   are	   important	  when	   it	   is	   required	   to	   take	   angular	  measurements.	   	   In	   total	  
there	  are	  47	  different	  ports	  that	  provide	  access	  to	  the	  EUV	  source,	  and	  provide	  a	  multitude	  of	  
entrance	  ports	  for	  experimental	  purposes.	  
	  
3.3.2	  Pressure	  and	  gas	  regulation	  
	   The	  XCEED	  pressure	  regulation	  system	  is	  composed	  of	  three	  stages	  of	  pumps	  placed	  in	  
series.	   	   The	   first	   stage	   consists	   of	   a	   rough	   pump.	   	   The	   the	   utilized	   four-­‐stage	   hook-­‐and-­‐claw	  
vacuum	  pump	   is	  capable	  of	   removing	  gas	  with	  a	   rate	  of	  approximately	  7	   l/s.	   	  This	  pump	  was	  
chosen	   to	   handle	   the	   multitude	   of	   reactive	   gases	   that	   were	   used	   for	   various	   experiments	  
performed	  within	  the	  XCEED	  chamber,	  though	  no	  reactive	  gases	  were	  used	  for	  the	  purpose	  of	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these	   experiments.	   	   This	   pump	   is	   capable	   of	   achieving	   a	   steady	   state	   base	   pressure	   of	  
approximately	  8x10-­‐1	  Torr.	  
	   A	  dual-­‐stage	  dry	  pump	  performs	  the	  second	  stage	  of	  pumping.	  	  Although	  this	  pump	  was	  
originally	   designed	   to	   be	   an	   all-­‐inclusive	   device	   not	   requiring	   an	   additional	   dry	   pump	   for	  
operation,	  the	  first	  stage	  of	  the	  pump	  failed	  and	  so	  only	  the	  blower	  functionality	  of	  the	  pump	  
was	   utilized.	   	   Again	   the	   dry	   feature	   of	   the	   blower	   allowed	   for	   the	   added	   ability	   to	   handle	  
reactive	   gases	   that	  would	   cause	   problems	  with	   oil-­‐based	   pumps.	   	  When	   placed	   in	   operation	  
with	   the	   first	   stage	   of	   pumping,	   the	   steady	   state	   base	   pressure	   of	   the	   XCEED	   system	   is	  
approximately	  7x10-­‐4	  Torr.	  	  Although	  this	  pressure	  is	  adequate	  to	  operate	  the	  XTS	  13-­‐35	  source	  
for	  low	  pinch-­‐gas	  flow	  rates,	  an	  additional	  stage	  of	  pumping	  is	  required	  to	  insure	  that	  the	  purity	  
of	  the	  pinch	  gas	  is	  adequately	  high.	  	  Such	  purity	  is	  required	  to	  make	  sure	  that	  only	  the	  desired	  
gas	  species	  is	  being	  pinched	  on,	  thus	  ruling	  out	  invalid	  experimental	  observations	  that	  would	  be	  
the	  result	  of	  impurities	  present	  in	  the	  pinch	  gas.	  	  	  
	   Two	  magnetically	   levitated	   turbomolecular	  pumps	  perform	   the	   last	   stage	  of	  pumping.	  	  
These	   two	   pumps	   are	   attached	   to	   the	   ISO250	   flanges	   located	   on	   the	   upper	   quadrant	   of	   the	  
XCEED	  chamber.	  	  They	  are	  capable	  of	  providing	  a	  pumping	  rate	  of	  5000	  l/s	  when	  operating	  at	  
full	   capacity.	   	   The	   conductivity	   between	   the	   individual	   pumps	   and	   the	   chamber	   is	   slightly	  
different	  however.	  one	  of	  the	  turbomolecular	  pumps	  is	  attached	  with	  a	  variable	  flow	  gate	  valve	  
that	  allows	  for	  increases	  in	  operating	  pressure	  if	  the	  maximum	  amount	  of	  input	  gas	  flow	  rate	  is	  
utilized.	  	  For	  the	  purposes	  of	  these	  experiments,	  this	  gate	  valve	  was	  completely	  open,	  and	  the	  
natural	  operating	  pressure	  was	  utilized.	  	  The	  ultimate	  base	  pressure	  of	  9x10-­‐7	  Torr	  is	  achieved	  
using	  all	  three	  stages	  of	  pumping	  with	  a	  24-­‐hour	  bake	  out	  process	  performed.	  	  Of	  further	  note	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is	   the	   fact	   that	   for	   long	   operating	   periods	   at	   high	   flow	   rates,	   helium	   cooling	   is	   required	   to	  
prevent	  the	  turbomolecular	  pumps	  from	  overheating.	  
	   In	   order	   to	   operate	   the	   XTS	   13-­‐35	   source	   with	   debris	   mitigation	   capabilities,	   three	  
different	  input	  gases	  were	  required.	  	  For	  the	  xenon-­‐fueled	  pinch	  experiments,	  a	  100	  sccm	  rated	  
(N2	  rating)	  MKS	  mass	  flow	  controller	  (MFC)	  was	  utilized	  to	  flow	  xenon	  through	  the	  core	  of	  the	  z-­‐
pinch	   electrodes.	   	   In	   each	   Xe	   experiment,	   the	   MFC	   was	   set	   to	   flow	   64	   sccm	   of	   N2	   gas	  
corresponding	  to	  a	  total	  of	  85	  sccm	  of	  Xe	  gas	  using	  the	  required	  gas	  correction	  value	  of	  1.32.	  	  
The	  pinch	  gas	  is	  transported	  to	  the	  rear	  of	  the	  electrode	  with	  the	  use	  of	  6	  mm	  Teflon	  tubing	  to	  
allow	  electrical	  isolation	  between	  the	  MFC	  and	  the	  electrode.	  	  When	  operating	  using	  Xe	  alone,	  
along	  with	  full	  pumping	  capabilities	  in	  place,	  an	  operating	  pressure	  of	  1x10-­‐3	  Torr	  is	  observed.	  	  
In	  regards	  to	  the	  purity	  of	  pinch	  gas	  aforementioned,	  this	  pressure	  corresponds	  to	  a	  purity	  of	  
99.91%	  Xe	  which	  in	  itself	  is	  99.9%	  pure.	  	  In	  order	  to	  flow	  the	  N2	  pinch	  gas	  for	  the	  Sn-­‐fueled	  XTS	  
13-­‐35	  adaptation,	   the	  same	  MFC	  was	  used	  and	  operated	  at	   the	  full	  100	  sccm.	   	  This	   flow	  rate	  
resulted	  in	  a	  chamber	  pressure	  between	  5x10-­‐4	  Torr	  and	  7x10-­‐4	  Torr.	  	  The	  variation	  in	  pressure	  
was	  a	  direct	   result	  of	   the	  duration	  of	  use	  with	   the	   solid	   Sn	  electrode,	  which	  deformed	  more	  
than	  the	  tungsten	  electrode	  used	  when	  operating	  with	  Xe	  gas.	   	  The	   last	  gas	  used,	  argon,	  was	  
used	  with	  the	  sole	  purpose	  of	  debris	  mitigation.	  	  Unlike	  the	  fuel	  gas	  MFCs,	  the	  argon	  flow	  rate	  
was	  controlled	  with	  a	  1000	  sccm	  rated	  (N2	  rating)	  MKS	  MFC.	  	  The	  argon	  gas	  enters	  the	  chamber	  
through	  a	  shower	  curtain	  that	  is	  placed	  between	  the	  collimated	  foil	  trap	  debris	  mitigation	  tool,	  
which	  will	  be	  discussed	  later,	  and	  the	  pinch	  location.	   	  When	  placed	  in	  this	   location,	  the	  argon	  
gas	  acts	  as	  a	  buffer	  curtain	  causing	  a	  percentage	  of	  the	  created	  energetic	  ions	  and	  neutrals	  to	  
be	  scattered	  and	  extinguished	  on	  the	  walls	  of	  the	  foil	  trap.	   	  The	  variability	  of	  the	  flow	  rate	  of	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this	  gas	  affects	  the	  efficiency	  of	  the	  gas	  curtain	  and	  the	  varying	  flow	  rates	  and	  corresponding	  
gas	  pressures	  are	  illustrated	  in	  table	  3.1.	  
	  
Table	  3.1:	  Ar	  buffer	  gas	  operating	  conditions	  and	  corresponding	  flow	  rates	  and	  achieved	  chamber	  pressures.	  	  	  	  
Ar	  Flow	  Rate	  
(sccm)	  
MFC	  Setpoint	  (0-­‐5	  
V)	  
Corresponding	  N2	  
Flow	  Rate	  (sccm)	  
Pressure	  (10-­‐3	  Torr)	  
100	   0.36	   72	   1.5	  
200	   0.72	   144	   2	  
500	   1.8	   360	   4	  
1000	   3.6	   720	   7	  
	  
3.4	  Debris	  Mitigation	  Techniques	  
	   The	  XCEED	  chamber	  and	  the	  XTS	  13-­‐35	  source	  are	  equipped	  with	  two	  different	  primary	  
debris	  mitigation	  techniques.	  	  The	  first	  method	  of	  debris	  mitigation	  consists	  of	  a	  collimated	  foil	  
trap	  that	  utilizes	  momentum	  exchange	  and	  scattering	  interactions	  to	  reduce	  debris	  mitigation.	  	  
The	  other	   form	  of	  debris	  mitigation	   couples	   together	  with	   the	   foil	   trap	  and	   consists	  of	   a	   gas	  
curtain	  of	  Ar	  that	  is	  located	  between	  the	  foil	  trap	  and	  the	  pinch.	  	  Several	  other	  secondary	  forms	  
of	  debris	  mitigation	  including	  heterogeneous	  fuel	  mixing,	  electric	  field	  lines,	  and	  magnetic	  field	  
lines	   are	   easily	   implemented	   into	   the	   XCEED	   chamber.	   	   For	   the	   purpose	   of	   the	   presented	  
results,	  however,	  these	  secondary	  debris	  mitigation	  techniques	  are	  neither	  used	  nor	  discussed.	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3.4.1	  Collimated	  foil	  trap	  debris	  mitigation	  tool	  
	   The	  collimated	  foil	  trap	  is	  a	  piece	  of	  equipment	  that	  is	  created	  out	  of	  thin	  tungsten	  foils.	  	  
The	  foils	  are	  arranged	  in	  such	  a	  manner	  that	  they	  are	  all	  radially	  parallel	  to	  the	  z-­‐pinch	  location.	  	  
Furthermore,	   a	   series	   of	   rings	   are	   placed	   in	   a	   similar	   fashion	   so	   that	   the	   net	   result	   of	  
construction	   is	  a	   series	  of	   rectangular	   channels	   that	  allow	   light	   to	  propagate	   radially	   through	  
the	  foil	  trap.	  	  By	  maintaining	  this	  shape,	  although	  a	  large	  amount	  of	  material	  is	  used	  to	  create	  
the	  foil	   trap,	  there	   is	  very	   little	   influence	  on	  the	  visual	  cross	  section	  between	  the	   light	  source	  
and	  the	  collector	  optics.	  	  Ultimately	  the	  foil	  trap’s	  purpose	  lies	  in	  the	  fact	  that	  many	  collisions	  
occur	  not	  only	  within	  the	  pinch	  itself,	  but	  also	  in	  the	  relatively	  dense	  gas	  that	  has	  expanded	  due	  
to	  z-­‐pinch	  destabilization.	  	  When	  collisions	  occur,	  the	  scattered	  energetic	  species	  will	  no	  longer	  
be	  travelling	  radially	  from	  the	  pinch,	  and	  thus	  will	  be	  unable	  to	  directly	  traverse	  the	  nearly	  5	  cm	  
length	  of	  the	  foil	  trap	  channels.	  	  As	  such,	  these	  energetic	  species	  will	  collide	  with	  the	  tungsten	  
walls	  of	  the	  channel	  and	  lose	  their	  energy	  to	  the	  walls	  of	  the	  foil	  trap	  instead	  of	  the	  collector	  
optics.	   	  While	   it	   is	  still	  possible	  for	  unscattered	  and	   lowly	  scattered	  species	  to	  still	  make	  their	  
way	   –	   with	   all	   of	   their	   energy	   –	   to	   the	   collector	   optics,	   the	   foil	   trap	   is	   able	   to	   mitigate	   a	  
considerable	  amount	  of	  debris	  emanating	  from	  the	  pinch.	  	  Furthermore,	  the	  very	  center	  of	  the	  
foil	  trap	  is	  occluded	  with	  a	  solid	  core	  that	  is	  utilized	  for	  both	  the	  direct	  extinguishment	  of	  the	  
most	  energetic	  species	  (since	  the	  z-­‐pinch	  is	  cylindrical,	  upon	  expansion	  most	  of	  the	  species	  are	  
likely	   to	   travel	   in	   the	  direction	  of	   the	  cylinder,	   thus	   the	  center	  of	   the	   foil	   trap)	  as	  well	  as	   the	  
necessary	  water	  cooling	  lines	  that	  are	  required	  to	  maintain	  reasonable	  temperatures	  of	  the	  foil	  
trap.	   	   	  Before	  discussing	  the	  next	   form	  of	  debris	  mitigation,	  however,	   it	  should	  be	  noted	  that	  
the	  foil	  trap	  consists	  of	  two	  layers	  with	  a	  gap	  present	  in	  between	  the	  two	  layers.	  
	  
	  
36	  
	  
	  
Figure	  3.3:	  The	  collimated	  foil	  trap	  utilizes	  gas	  scattering	  to	  deflect	  energetic	  debris	  into	  the	  sides	  of	  the	  foil	  trap	  
instead	  of	  on	  the	  collector	  optics.	  	  A	  buffer	  gas	  placed	  between	  the	  source	  and	  the	  foil	  trap	  aids	  in	  this	  scattering	  
process.	  
	  
3.4.2	  Buffer	  gas	  curtain	  
	   The	  second	  phase	  of	  primary	  debris	  mitigation,	  the	  buffer	  gas	  curtain,	  couples	  with	  the	  
foil	  trap	  in	  order	  to	  increase	  its	  effectiveness	  at	  scattering	  energetic	  species.	  	  A	  shower	  ring	  of	  6	  
mm	  stainless	  steel	  tubing	  is	  placed	  around	  the	  edges	  of	  the	  foil	  trap,	  allowing	  for	  the	  injection	  
of	  a	  gas	  species	   into	  the	  gap	   inside	  of	   the	  foil	   trap.	   	  By	   injecting	  a	  high	  mass	  species	   into	  the	  
gap,	  the	  scattering	  cross	  section	  is	  increased	  and	  the	  energetic	  atoms	  are	  less	  likely	  to	  traverse	  
the	  foil	  trap’s	  channels.	  	  An	  argon	  buffer	  gas	  was	  chosen	  for	  these	  experiments	  due	  not	  only	  to	  
its	  high	  scattering	  cross	  section	  but	  also	  due	  to	  its	  low	  absorption	  of	  EUV.	  	  Furthermore	  due	  to	  
the	  small	  orifices	  by	  which	  the	  Ar	  buffer	  gas	  can	  escape,	  it	  is	  possible	  to	  increase	  the	  pressure	  of	  
the	  buffer	  gas	  within	  the	  debris	  tool	  without	  having	  drastic	  influence	  on	  the	  chamber	  pressure.	  	  
This	   increase	   in	  pressure	  also	   leads	  to	  an	  exponential	  decrease	   in	  unscattered	  species	   leaving	  
the	  foil	  trap.	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3.5	  Laser	  Ablation	  Sn-­‐Fueled	  Modified	  XTS	  13-­‐35	  Source	  
	   As	  mentioned	  previously,	  over	  the	  course	  of	  the	  Center	  for	  Plasma-­‐Material	  Interactions	  
possession	   of	   the	   XTS	   13-­‐35	   EUV	   source,	   industry	  made	   a	   switch	   from	   Xe	   fuel	   to	   Sn	   fuel	   to	  
increase	  the	  conversion	  efficiency.	   	  With	  this	   in	  mind,	   it	  was	  clear	   that	   in	  order	   to	  be	  able	  to	  
fully	   understand	   the	   debris	   creation	   processes	   involved	   with	   the	   use	   of	   Sn,	   the	   XTS	   13-­‐35	  
needed	  modification	   to	   allow	   Sn	   fuel.	   	   The	   initial	  modifications,	   implemented	   by	   the	   source	  
manufacture	  XTREME,	  involved	  the	  use	  of	  a	  highly	  reactive	  SnCl4	  liquid.	  	  The	  liquid	  was	  heated	  
in	   a	   canister	   and	   the	   vapor	   was	   transported	   to	   the	   electrode	   through	   a	   series	   of	   heated	  
stainless	   steel	   tubes.	   	   It	   was	   immediately	   evident	   that,	   for	   experimental	   applications,	   this	  
incorporation	  of	  Sn	  was	  not	  only	  impractical	  but	  also	  dangerous.	  	  Upon	  venting	  the	  chamber	  to	  
atmosphere,	  the	  reactive	  species	  that	  remained	  on	  the	  walls	  of	  the	  chamber	  instantly	  turned	  to	  
a	  thick	  viscous	  liquid	  that	  required	  removal	  before	  any	  sort	  of	  vacuum	  levels	  could	  be	  achieved.	  	  
Furthermore,	  if	  SnCl4	  is	  accidentally	  vented	  to	  atmosphere	  directly,	  a	  direct	  product	  is	  HCl.	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Figure	   3.4:	   A	   schematic	   diagram	  of	   the	  modified	   Sn-­‐fueled	   XTS	   13-­‐35	   source	   shows	   that	   the	   laser	   enters	   the	  
chamber	  through	  the	  350	  port.	  	  The	  laser	  ablates	  a	  solid	  Sn	  electrode	  introducing	  Sn	  into	  a	  N2	  Z-­‐pinch.	  	  The	  debris	  
created	  is	  measured	  and	  analyzed.	  
	  
	   In	   order	   to	   incorporate	   a	   more	   practical	   and	   industry	   relevant	   solution,	   a	   solid	   Sn	  
cathode	  was	  developed	   to	   replace	   the	   tungsten	  electrode	   that	  was	  used	   for	  pinching	  Xe	  gas.	  	  
This	  electrode,	  pictured	  in	  figure	  3.5,	  maintained	  similar	  dimensions	  to	  the	  tungsten	  electrode	  
but	  was	   equipped	  with	   the	   ability	   to	   easily	   screw	   in	   a	   custom	  designed	   Sn	   component.	   	   The	  
concept	  behind	  the	  use	  of	  a	  solid	  Sn	  electrode	  stemmed	  from	  the	  ablative	  characteristics	  of	  the	  
z-­‐pinch.	   	  Using	  N2	   as	   the	  pinch	   gas,	   it	  was	  believed	   that	   in	   the	  process	   of	   a	   pinch,	   Sn	   atoms	  
would	   be	   liberated	   from	   the	   electrode	   and	   would	   created	   EUV	   light	   emission.	   	   Practical	  
application	   of	   this	   method	   proved	   effective	   at	   creating	   EUV	   though	   not	   without	   a	   few	  
drawbacks.	  	  The	  first	  problem	  faced	  involved	  the	  thermal	  heating	  of	  the	  electrode	  during	  each	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pinch.	   	   Because	   of	   the	   low	   232	   oC	   melting	   point	   (in	   comparison	   to	   the	   3422	   oC	   melting	  
temperature	  of	  tungsten),	  it	  was	  observed	  that	  operating	  the	  pinch	  above	  20	  Hz	  for	  extended	  
periods	  of	   time	   led	  to	   the	  melting	  of	   the	  Sn	  electrode	  and	  consequent	  shorting	  of	   the	  anode	  
and	  cathode.	  	  The	  second	  issue	  observed	  involved	  the	  fact	  that	  the	  ablation	  of	  the	  electrode,	  as	  
well	   as	   the	  heating	   of	   the	   electrode,	   resulted	   in	   slight	   deformations	   of	   the	   cylindrical	   shape.	  	  
After	   more	   than	   an	   hour	   or	   so	   of	   operation	   the	   electrode	   deformed	   adequately	   enough	   to	  
completely	  relocate	  the	  pinch	   location	  to	  the	  sides	  of	   the	  cathode	   instead	  of	   in	  the	  center	  of	  
the	  electrode.	   	  The	  deformation	  of	  the	  electrode	  thus	  prevented	  a	  true	  pinch	  from	  occurring,	  
instead	  an	  arc	  between	  the	  closest	  spot	  on	  the	  electrode	  and	  the	  cathode	  was	  observed.	  	  These	  
issues	  unfortunately	  are	  unavoidable	  and	  are	  simply	  a	  consequence	  of	  having	  to	  use	  a	  solid	  sn	  
electrode.	  	  Current	  industry	  practice,	  as	  stated	  previously,	  involves	  the	  use	  of	  a	  molten	  Sn-­‐bath	  
and	   does	   not	   require	   such	   temperature	   considerations.	   	   The	   last	   issue	   of	   concern	   with	   the	  
developed	  method	   of	   Sn	   implementation	  was	   the	   low	   output	   of	   EUV	   power.	   	   It	   was	   readily	  
evident	   that	   even	   after	   hours	   of	   operation	   the	   Sn	   electrode	   was	   not	   largely	   reduced	   in	  
dimensions,	  and	  as	  such	  very	  little	  Sn	  was	  truly	  being	  introduced	  into	  the	  z-­‐pinch.	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Figure	  3.5:	  Pictured	  are	  the	  original	  tungsten	  electrode	  used	  for	  pinch	  Xe	  gas,	  the	  solid	  Sn	  electrode	  used	  with	  N2	  
pinch	   gas,	   and	   the	   custom	  holder	  designed	   to	   allow	  quick	   replacements	  of	   Sn	  electrodes.	   	   These	  adaptations	  
allow	  for	  the	  Sn-­‐fuel	  modifications	  of	  the	  XTS	  13-­‐35	  EUV	  source.	  
	  
	   Taking	  a	  clue	  from	  industrial	  practices	  of	  using	  a	  laser	  to	  ablate	  the	  Sn	  (though	  in	  their	  
regards	   it	   is	   usually	   a	  molten	   bath	   into	   which	   they	   shoot	   the	   laser),	   the	   Center	   for	   Plasma-­‐
Material	  Interactions	  acquired	  an	  Nd:YAG	  laser	  to	  ablate	  Sn	  atoms	  into	  the	  pinch.	  	  The	  laser	  is	  
equipped	  with	  a	  harmonic	  convertor	  that	  is	  capable	  of	  frequency	  doubling	  the	  original	  1064	  nm	  
wavelength	  to	  532	  nm	  and	  266	  nm	  as	  well.	   	  When	  operating	  at	  1064	  nm,	  the	   laser	  produces	  
325	  mJ	   per	   pulse.	   	   Frequency	   doubling	   first	   harmonic	   reduces	   the	   energy	   to	   120	  mJ,	   and	   a	  
change	  to	  the	  266	  nm	  harmonic	  reduces	  the	  pulse	  energy	  to	  20	  mJ.	  	  Operation	  is	  fixed	  at	  100	  
Hz,	  though	  it	  is	  possible	  to	  manipulate	  this	  frequency	  to	  ±	  5	  Hz	  by	  using	  an	  internal	  frequency	  
modulator.	  	  Each	  pulse	  is	  between	  8-­‐12	  ns	  in	  length	  resulting	  in	  a	  maximum	  peak	  power	  output	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at	  1064	  nm	  of	  approximately	  3.25x107	  W,	  and	  an	  average	  power	  output	  of	  32.5	  W.	  	  At	  532	  nm	  
the	   peak	   power	   output	   is	   1.25x107	   W	   and	   the	   average	   energy	   output	   of	   12.5	   W.	   	   For	   the	  
purpose	  of	  these	  experiments,	  the	  laser	  was	  operated	  at	  532	  nm	  to	  promote	  ablation,	  reduce	  
the	  likelihood	  of	  an	  EUV	  plasma	  being	  directly	  created,	  as	  well	  as	  to	  ease	  the	  alignment	  process	  
due	   to	   the	   fact	   that	  532	  nm	  green	   light	   is	   readily	   visible	  with	   the	  human	  eye	  where	   infrared	  
light	  is	  not	  visible.	  	  	  
	   The	   threshold	   for	   ablating	   a	   certain	   material	   can	   be	   approximated	   in	   the	   first	   order	  
using	  equations	  4	  and	  5,	  taken	  from	  Mahan	  [67].	  	  In	  these	  equations	  Lt	  is	  the	  thermal	  diffusion	  
length	   [m],	   δt	   is	   the	   laser	   pulse	   duration	   [s],	   κ	   is	   the	   thermal	   conductivity	   of	   the	   ablated	  
material	  [W/m-­‐K],	  c	  is	  the	  molar	  heat	  capacity	  [J/mol-­‐K],	  nmol	  is	  the	  mol	  density	  of	  the	  material	  
[mol/m3],	  δjth	   is	   the	   laser	   fluence	  threshold	  for	  ablation	  [J/m
2],	  ΔHfu	   is	   the	  enthalpy	  of	   fusion,	  
Tmelt	   is	   the	  melting	  point	   [K],	  Tenvironment	   is	   the	  external	  environment	  temperature	  [K],	  and	  R	   is	  
the	  percent	  reflectivity	  of	  the	  laser	  when	  interacting	  with	  the	  ablated	  material.	  
	  	   	   	   	   	   	  
	   (4) 	  	   	   	   (5)	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Table	  3.2:	  Various	  optical,	  thermal,	  and	  material	  properties	  of	  Sn.	  
δt	   10x10-­‐9	  s	  
κ	   67	  W/m-­‐K	  [68,	  69]	  
c	   27	  J/mol-­‐K	  [70]	  
nmol	   61350	  mol/m
3	  [71]	  
ΔHfu	   7030	  J/mol	  [68,	  71]	  
Tmelt	   505.21	  K	  [70,	  71]	  
Tenvironmental	   293	  K	  
	  
	   By	  utilizing	  the	  values	  in	  table	  2.2,	  it	  is	  observed	  that	  with	  no	  reflection	  the	  amount	  of	  
energy	   fluence	  at	   the	  threshold	   is	  70.4	  mJ/cm2.	   	  Given	  that	   the	  unaltered	   laser	  beam	  coming	  
from	   the	   Nd:YAG	   laser	   is	   approximately	   1	   cm	   in	   diameter,	   it	   is	   already	   theoretically	   able	   to	  
cause	   ablation	   since	   the	   native	   beam	   produces	   153	   mJ/cm2	   with	   each	   pulse.	   	   In	   reality,	  
however,	  the	  reflectance	  of	  Sn	  is	  not	  zero,	  and	  there	  is	  a	  loss	  in	  energy	  due	  to	  beam	  transport.	  	  
In	  order	   for	   the	  beam	   to	  be	   focused	  on	   the	   solid	   Sn	  electrode,	   four	  mirrors,	  one	   lens,	   and	  a	  
quartz	   feedthrough	   are	   required.	   	   Each	   mirror	   absorbs	   approximately	   0.5%	   of	   the	   beam’s	  
energy,	   the	   lens	   absorbs	   approximately	   16%,	   and	   the	   optical	   feedthrough	   absorbs	  
approximately	  15%	  of	   the	   light	  being	   transmitted	   to	   the	  Sn	  electrode	   [72,	  73].	   	   In	   total,	  only	  
approximately	  70%	  of	  the	  original	  beam	  energy	  is	  transmitted	  to	  the	  electrode	  for	  the	  purpose	  
of	  ablation,	  thus	  leaving	  only	  107	  mJ/cm2.	  	  By	  focusing	  the	  laser	  down	  to	  a	  1	  mm	  diameter	  spot,	  
the	  fluence	  is	  increased	  to	  1.1x104	  mJ/cm2.	  	  Consequently	  the	  obtained	  laser	  would	  be	  able	  to	  
ablate	  the	  Sn	  electrode	  with	  any	  reasonable	  amount	  of	  absorbance.	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   Of	  greater	   importance	  than	  the	  ablation	  threshold	   is	  the	  amount	  of	  Sn	  atoms	  that	  are	  
liberated	   in	  each	  shot	  of	  the	   laser.	   	  Using	  an	  Nd:YAG	  laser	   located	   in	  Hartford,	  CT,	  a	  series	  of	  
experiments	   were	   performed	   in	   2008	   to	   measure	   the	   amount	   of	   Sn	   ablated	   given	   a	   laser	  
fluence	  between	  27.5	  and	  40	  mJ/cm2	  (as	  given	  by	   laser	  specifications).	   	  The	  resulting	  ablation	  
amounts	   are	  displayed	   in	   figure	  3.6.	   	   The	   laser	  was	  operated	  using	  1064	  nm	   light.	   	  Although	  
three	  orders	  of	  magnitude	   less	   power	   than	   the	   laser	   eventually	   purchased	  by	   the	  Center	   for	  
Plasma-­‐Material	   Interactions,	   the	   results	   give	  an	   idea	  of	  how	  much	  Sn	   is	   introduced	   into	   the	  
pinch	  after	  each	  shot	  from	  the	  laser.	  	  At	  the	  highest	  laser	  fluence	  of	  40	  mJ/cm2,	  it	  was	  observed	  
that	  a	  total	  of	  6x1013	  atoms	  were	  ablated	  per	  laser	  pulse.	  	  If	  the	  trend	  observed	  through	  these	  
measurements	  extends	   linearly	  through	  all	   laser	   fluence	  values,	   it	  can	  be	  estimated	  that	  with	  
each	   pulse	   of	   the	   laser	   used	   for	   the	   experiments	   presented	   in	   this	   thesis,	   a	   total	   of	  
approximately	  2x1016	  atoms	  are	  entered	  into	  the	  pinch	  for	  EUV	  development.	  	  	  
	  
	  
Figure	  3.6:	  Using	  a	  Nd:YAG	  laser,	  the	  dependence	  on	  ablated	  Sn	  atoms	  per	  pulse	   is	  measured	  as	  a	  function	  of	  
laser	  fluence.	  	  The	  minimum	  threshold	  of	  ablation	  is	  observed	  at	  approximately	  6x104	  mJ/cm2	  for	  the	  1064	  nm	  
	  
	  
44	  
(Figure	  3.6	  cont.)	  light.	  	  Although	  laser	  ablation	  does	  occur	  at	  lesser	  fluence	  amounts,	  the	  Sn	  is	  recast	  onto	  the	  
edges	  of	  the	  ablated	  hole	  and	  as	  such	  it	  is	  impossible	  to	  measure	  these	  ablation	  values.	  	  	  
	  
3.6	  Diagnostics	  
	   Having	   discussed	   the	   sources	   that	   were	   measured	   for	   this	   thesis,	   the	   detectors	   that	  
performed	  the	  measurements	  will	  now	  be	  discussed.	   	  Three	  different	  detectors	  were	  used,	  a	  
EUV	   photodiode,	   an	   energetic	   ion	   detector,	   and	   an	   energetic	   neutral	   detector.	   	   The	   first	  
detector,	   the	  photodiode,	  was	  used	  only	  with	   the	  XTS	  13-­‐35	  Xe	   and	   Sn-­‐fueled	   sources.	   	   This	  
detector	   provides	   a	   way	   to	   measure	   the	   EUV	   output	   and	   determine	   the	   effect	   any	   debris	  
mitigation	  techniques	  might	  have	  power	  output.	  	  The	  energetic	  ion	  detector,	  a	  spherical	  sector	  
electrostatic	   energy	   analyzer	   (ESA),	   allows	   the	  measurement	   of	   the	   ion	   spectrum	   emanating	  
from	  the	  EUV	  sources.	   	  The	  last	  detector,	  and	  the	  focus	  of	  this	  thesis,	   is	  the	  energetic	  neutral	  
detector.	  	  The	  neutral	  detector	  is	  capable	  of	  analyzing	  the	  second	  half	  of	  the	  energetic	  particle	  
spectrum	  that	  is	  created	  by	  EUV	  sources.	  
	  
3.6.1	  EUV	  emission	  photodiode	  
	   In	  order	  to	  properly	  evaluate	  any	  EUV	  source	  or	  debris	  mitigation	  scheme,	  it	  is	  necessary	  
to	  quantify	   the	  amount	  of	  EUV	  emission.	   In	  order	   to	  measure	   the	  amount	  of	   light	   created,	  a	  
EUV	  photodiode	  was	  incorporated	  into	  the	  XCEED	  system.	  	  EUV	  light	  produced	  at	  the	  source	  is	  
transmitted	  isotropically,	  so	  the	  placement	  of	  the	  photodiode	  is	  irrelevant	  to	  the	  measurement	  
of	  source	  power.	  	  For	  these	  experiments	  the	  EUV	  detector	  was	  placed	  at	  the	  axial	  40o	  port	  on	  
XCEED.	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Figure	  3.7:	  The	  XCEED	  EUV	  photodiode	  consists	  of	  a	  one-­‐bounce	  system	  that	  reflects	  light	  from	  the	  pinch	  to	  the	  
photodiode.	  	  The	  photodiode	  is	  an	  International	  Radiation	  Detectors	  SXUV	  20HS/Mo/Si.	  
	  
	   The	  photodiode	   is	   considered	   a	  one-­‐bounce	   setup	   in	   that	   the	   incident	   light	   is	   initially	  
reflected	   off	   of	   a	   multilayer	   mirror.	   	   The	   multi-­‐layer	   mirror	   used	   consists	   of	   stack	   of	   40	  
alternating	   layers	   of	   Mo	   and	   Si	   with	   a	   protective	   capping	   layer	   of	   Ru.	   	   Each	   layer	   is	  
approximately	  half	  the	  wavelength	  of	  EUV	  light	  in	  accordance	  with	  Bragg	  diffraction	  principles,	  
which	  causes	  constructive	  interference	  of	  light	  reflected	  at	  lower	  layers	  [74].	  multi-­‐layer	  mirrors	  
of	  this	  design	  are	  capable	  of	  reflecting	  approximately	  70%	  of	  the	  EUV	  light,	  though	  it	  also	  has	  
the	  disadvantage	  of	  actively	   reflecting	   infrared	  wavelengths	  as	  well	   [75].	   	  Overall	   though,	   the	  
multi-­‐layer	  mirror	  acts	  to	  limit	  the	  reflected	  bandwidth	  to	  around	  13.5nm,	  as	  well	  as	  provides	  a	  
replaceable	  surface	  to	  receive	  the	  destructive	  force	  of	  the	  energetic	  debris	  flux	  that	  travels	  on	  
the	  same	  trajectory	  as	  the	  light.	  	  The	  reflected	  light	  is	  projected	  onto	  an	  International	  Radiation	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Detectors	   SXUV	   20HS/Mo/Si	   detector	   that	   is	   equipped	   with	   a	   Mo/Si	   filter	   that	   limits	   all	  
measured	   light	   to	   a	   12.2-­‐15.8	   nm	   range.	   	   These	   two	   filters	   combined	   provide	   a	   means	   for	  
measuring	  only	  a	  small	  bandwidth	  around	  the	  desired	  13.5	  nm	  light,	  and	  thus	   is	  considered	  a	  
EUV	  only	  measurement.	  	  The	  quantum	  efficiency,	  or	  the	  number	  of	  electron-­‐hole	  pairs	  created	  
per	  incident	  photon,	  of	  this	  particular	  diode	  is	  1.2	  in	  the	  range	  of	  12.2	  –	  15.8	  nm.	  	  	  
	  
3.6.2	  Spherical	  sector	  electrostatic	  energy	  analyzer	  
	   In	  order	  to	  adequately	  understand	  the	  debris	  coming	  from	  a	  EUV	  source,	  it	  is	  necessary	  
to	  be	  able	  to	  measure	  both	  the	  energetic	  charged	  and	  neutral	  fluxes.	  	  In	  order	  to	  measure	  the	  
charged	  flux,	  a	  spherical	  sector	  electrostatic	  energy	  analyzer	  was	  developed	  at	  the	  Center	  for	  
Plasma-­‐Material	  Interactions	  by	  Keith	  Thompson	  in	  2004	  [76-­‐78].	  	  This	  detector	  is	  a	  Comstock	  
model	   AC-­‐902B	   Spherical	   Sector	   Energy	   Analyzer	   that	   is	   placed	   within	   a	   custom	   vacuum	  
chamber	  designed	  to	  be	  attached	  to	  EUV	  sources	  for	  measurement.	  	  The	  setup	  of	  this	  detector	  
is	  shown	  schematically	  in	  figure	  3.8.	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Figure	  3.8:	  A	  cartoon	  figure	  diagramming	  the	  ESA	  chamber	  shows	  how	  the	  ESA	  is	  positioned	  with	  respect	  to	  the	  
EUV	   source	  debris.	   	   Various	  high	   voltage	  ports	   allow	   for	   the	   selection	  of	   a	   given	   E/q	   ratio,	   and	   allow	   for	   the	  
measurement	  of	  ion	  flux.	  
	  
	   The	  detector	  consists	  of	  two	  plates	  that	  are	  spherical	  in	  shape	  and	  extend	  160o	  from	  the	  
entrance	   to	   the	  exit	   point.	   	   The	   inner	   and	  outer	  plates	   are	  placed	  at	   a	  negative	  and	  positive	  
potential	   in	   order	   to	   curve	   ions	   along	   the	   path	   using	   the	   Lorentz	   force.	   	   The	   ions	   that	   are	  
allowed	  to	  traverse	  the	  entire	  path	  are	  chosen	  based	  on	  their	  energy	  to	  charge	  ratio.	  	  As	  shown	  
in	  equation	  6,	  the	  energy	  (E)	  to	  charge	  (q)	  ratio	  can	  be	  selected	  by	  placing	  a	  certain	  difference	  
in	  voltage	  (ΔV)	  across	  the	  plates	  with	  inner	  and	  outer	  radii	  r1	  and	  r2.	  	  For	  the	  purpose	  of	  these	  
measurements,	  a	  positive	  and	  a	  negative	  polarity	  3kV	  300	  W	  power	  supply	  was	  used	  to	  isolate	  
singly	  charged	  ions	  up	  to	  14	  keV.	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   (6)	  
	   The	  energy	   resolution	  of	   the	  detector,	    ΔE,	   is	  dependent	  on	   the	  energy	   (E)	  of	   the	   ion	  
being	  observed,	  the	  mean	  sphere	  radius	  (R),	  the	  angle	  over	  which	  the	  ion	  travels	  (ϕ),	  the	  direct	  
distance	  between	  the	  entrance	  and	  the	  exit	  of	  the	  detector	  (δ),	  and	  lastly	  is	  dependent	  on	  the	  
diameter	  of	  the	  entrance	  orifice	  (ω).	  	  The	  relationship	  between	  these	  characteristics	  is	  shown	  in	  
equation	  7.	  	  The	  manufacturer	  provided	  each	  of	  these	  equations,	  though	  the	  formulations	  are	  
relevant	  to	  all	  spherical	  analyzers.	  	  Values	  relating	  to	  the	  AC-­‐902B	  detector	  are	  shown	  in	  table	  
3.3.	  
€ 
ΔE
E =
ω
[R(1− cosϕ) +δ sinϕ] 	   	   	   	   	   	   (7)	  
	  
Table	  3.3:	  Various	  design	  characteristics	  of	  the	  ESA	  used	  in	  these	  experiments.	  
r1	   4.88	  cm	  
r2	   6.02	  cm	  
R	   5.47	  cm	  
ϕ	   160o	  
δ	   1.07	  cm	  
ω	   2	  mm	  
	  
	   Having	  an	  understanding	  of	  how,	  and	  how	  well,	  the	  AC-­‐902B	  isolates	  energetic	  ions,	  it	  is	  
now	   possible	   to	   understand	   how	   the	   detector	   counts	   the	   number	   of	   ions	   that	   traverse	   the	  
spherical	   sector.	   	   Immediately	   after	   the	   exit	   orifice	   is	   a	   pair	   of	   microchannel	   plates.	  	  
Microchannel	  plates	  are	  fabricated	  from	  lead	  glass,	  and	  contain	  tens	  of	  thousands	  of	  tiny	  10-­‐
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100	   µm	   pores	   that	   act	   as	   electron	   multipliers	   [79].	   	   When	   an	   ion,	   or	   any	   energetic	   atom,	  
impinges	  upon	   the	  microchannel	  plate	   surface,	   an	  electron	   cascade	   is	   created	   that	   is	   further	  
multiplied	  through	  the	  length	  of	  the	  plate.	  	  This	  electron	  multiplication	  process	  is	  diagramed	  in	  
figure	  3.9.	  	  A	  second	  plate	  is	  placed	  within	  two	  millimeter	  of	  the	  first	  and	  a	  potential	  is	  applied	  
to	  accelerate	  the	  electrons	  from	  the	  first	  plate	  to	  the	  second	  plate.	  	  The	  second	  microchannel	  
plate	   further	   multiplies	   the	   electron	   cascade	   to	   the	   point	   that	   an	   electrical	   signal	   can	   be	  
measured.	   	   In	   total,	   the	   electron	  multiplication	   is	   on	   the	   order	   of	   107	   times	   larger	   than	   the	  
original	  cascade	  created	  by	  the	  first	  plate.	  	  	  
	  
	  
Figure	  3.9:	  Microchannel	  plates	  consist	  of	  tiny	  electron	  amplifying	  pores	  that	  create	  an	  electron	  cascade	  when	  
hit	  with	  an	   ion,	  a	  neutral	  atom,	  or	  photons.	   	   These	  plates	  are	  used	   to	  measure	   the	  energetic	   ion	  and	  neutral	  
fluxes	  emitted	  by	  EUV	  sources.	  
	  
	  
	  
50	  
	   To	  quantify	  the	  signal	  produced,	  an	  Ortec	  fast	  preamp	  model	  9326	   is	  used	  to	   increase	  
the	  signal	  output	  to	  the	  point	  that	  an	  approximately	  100	  mV	  a	  5-­‐10	  ns	  wide	  signal	   is	  created.	  	  
This	  signal	  is	  monitored	  using	  an	  Agilent	  8102B	  oscilloscope	  that	  has	  a	  1	  GHz	  resolution.	  	  When	  
observed	  on	  the	  oscilloscope,	  the	  microchannel	  plate	  signal	  to	  noise	  ratio	  is	  approximately	  20-­‐
30.	  	  The	  histogram	  function	  of	  this	  oscilloscope	  allows	  for	  a	  cumulative	  summation	  of	  the	  total	  
number	  of	  signals	  observed	  after	  the	  formation	  of	  the	  EUV	  plasma.	  	  Each	  time	  a	  trigger	  is	  sent	  
to	  the	  oscilloscope,	  a	  count	  is	  added	  to	  a	  column	  of	  the	  histogram	  so	  that	  over	  a	  period	  of	  time,	  
a	  summation	  of	  the	  total	  number	  of	  counts	  observed	  at	  a	  certain	  time	  period	  can	  be	  observed.	  	  
The	  histogram	  plot	  that	  results	  is	  a	  function	  of	  the	  time	  period	  being	  observed,	  as	  well	  as	  the	  
trigger	  point	  (-­‐40	  mV),	  which	  is	  manually	  set	  within	  the	  oscilloscope’s	  function	  settings.	  
	   In	   order	   to	   accurately	   determine	   the	   quantitative	   value	   of	   ions	   measured	   in	   an	  
experiment,	   a	   calibration	   term	   is	   needed	   to	   account	   for	   the	   dependence	   on	   not	   only	   the	  
histogram	  settings,	  but	  also	  the	  fact	  that	  with	  a	  given	  EUV	  source	  it	  is	  likely	  that	  more	  than	  one	  
ion	  will	   strike	   the	  detector	  at	   the	  same	  time	   (within	   the	   resolution	  of	   the	  oscilloscope).	   	  This	  
calibration	  process	  is	  performed	  using	  an	  SPECS	  model	  IQE	  11/35	  ion	  gun	  as	  well	  as	  a	  Faraday	  
cup,	  as	  shown	  in	  figure	  3.10.	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Figure	   3.10:	   The	   calibration	   setup	   for	   the	   ESA	   consists	   of	   an	   IQE	   11/35	   ion	   gun,	   a	   Faraday	   cup,	   the	   ESA,	   and	  
various	  vacuum	  equipment.	   	  The	  process	  correlates	   the	  amount	  of	  charge	  observed	  using	  the	  Faraday	  cup,	   to	  
the	  amount	  of	  debris	  measured	  using	  the	  ESA.	  
	  
	   The	  ion	  gun	  was	  set	  to	  produce	  1400	  eV	  ions	  using	  a	  Xe	  fuel	  species.	  	  The	  ion	  gun	  head	  
is	   aligned	   using	   the	   alignment	   adjuster,	   which	   is	   a	   supporting	   cup	   that	   can	   be	   rotated	   and	  
pulled	   in	   and	   out	   of	   the	   chamber	   to	   adjust	   the	   direction	   of	   produced	   ions.	   	   Alignment	   is	  
performed	  with	  the	  ESA	  in	  place,	  though	  the	  diverting	  plates	  are	  grounded,	  and	  a	  Faraday	  cup	  
placed	  behind	  the	  alignment	  orifice	  of	  the	  ESA.	   	  The	  Faraday	  cup	   is	  placed	  the	  same	  distance	  
away	   from	   the	   entrance	   of	   the	   ESA	   as	   the	   mean	   path	   required	   for	   an	   ion	   to	   traverse	   the	  
spherical	  channel	  of	  the	  ESA.	   	  A	  picoammeter	  measures	  the	  charge	  reaching	  the	  Faraday	  cup,	  
and	  the	  ion	  gun	  head	  is	  adjusted	  to	  maximize	  the	  observed	  current.	  	  After	  maximization,	  a	  total	  
current	  is	  measured	  on	  the	  Faraday	  cup,	  providing	  a	  quantity	  of	  the	  total	  amount	  of	  charge	  that	  
is	  incident	  on	  the	  ESA.	  	  Assuming	  that	  all	  ions	  are	  singly	  ionized,	  a	  direct	  relationship	  between	  
the	  observed	  current	  and	  the	  rate	  of	  ions	  reaching	  the	  detector	  can	  be	  determined	  by	  dividing	  
the	  observed	  current	  by	  the	  electron	  charge.	  	  The	  ESA	  is	  then	  used	  to	  measure	  the	  ions	  to	  map	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out	  the	  energy	  spectrum	  as	  shown	  in	  figure	  3.11.	  	  Although	  the	  plot	  of	  the	  ion	  measurements	  
appears	  rough	  and	  not	  a	  strong	  distribution	  around	  the	  1400	  eV	  chosen	  energy,	  the	  shape	  of	  
the	   ion	   energy	   spectrum	   has	   no	   weight	   on	   the	   final	   calibration	   so	   long	   as	   the	   spectrum	   is	  
consistent	  over	   time.	   	  Because	   the	  calibration	  neglects	  any	  shape	  attributed	   to	   the	  produced	  
ion	  energy	  spectrum,	  an	   in-­‐situ	   calibration	  could	   theoretically	  be	  performed	  using	  any	  1+	   ion	  
source.	  
	  
	  
Figure	   3.11:	   A	   typical	   measurement	   of	   the	   ion	   gun	   intensity	   profile	   is	   shown.	   	   Although	   the	   measurements	  
appear	   to	   be	   noisy,	   the	   variation	   is	   simply	   a	   consequence	   of	   the	   ion	   gun	   energy	   spectrum.	   	   The	   relative	  
bumpiness	  of	  the	  measurement	  has	  no	  effect	  on	  the	  calibration	  so	  long	  as	  it	  is	  consistently	  the	  same	  shape.	  
	  
	   The	  first	  step	  in	  mapping	  out	  the	  spectrum	  involves	  setting	  up	  the	  oscilloscope	  to	  have	  
the	  same	  time	  and	  voltage	  steps	  as	  those	  that	  will	  be	  used	  in	  the	  experiment.	  	  This	  requirement	  
is	   in	   light	   of	   the	  histogram	   function’s	   dependence	  on	   these	   factors	   as	  mentioned	  previously.	  	  
The	   energy	   spectrum	   is	  mapped	   out	   first	   by	  measuring	   the	   number	   of	   counts	   observed	   at	   a	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given	  energy	  for	  a	  period	  of	  2	  minutes.	  	  To	  enable	  the	  use	  of	  the	  histogram	  function,	  and	  make	  
sure	   that	   arrival	   of	   the	   ions	   is	   in	   an	  equivalent	   time	  period	   for	   each	  energy	  measurement,	   a	  
function	  generator	  is	  set	  up	  with	  a	  50%	  duty	  cycle	  and	  a	  signal	  width	  approximately	  the	  same	  
size	  as	  the	  oscilloscope	  screen.	  	  For	  these	  experiments	  5	  µs/div	  and	  200	  mV/div	  were	  set	  on	  the	  
oscilloscope.	  	  It	  is	  necessary	  to	  calibrate	  the	  ESA	  using	  the	  same	  oscilloscope	  settings	  as	  those	  
that	  will	  be	  used	  for	  experiments	  because	  the	  histogram	  function	   is	  dependent	  on	  these	  two	  
factors.	  	  The	  measured	  counts	  need	  to	  then	  be	  modified	  by	  the	  detector	  efficiency	  because	  the	  
microchannel	  plates	  are	  less	  efficient	  at	  lower	  energies	  as	  shown	  in	  figure	  3.12.	  
	  
	  
Figure	   3.12:	   The	   detector	   efficiency	   of	   the	   microchannel	   plates	   is	   shown.	   	   This	   plot	   is	   provided	   by	   the	  
manufacture	  of	  the	  microchannel	  plates	  and	  reveals	  that	  they	  are	  less	  efficient	  at	  detecting	  low	  energy	  ions.	  
	  
	   The	  total	  measured	  count	  value	  for	  the	  calibration	  of	  the	  ESA	  used	  in	  these	  experiments	  
is	   shown	   in	   figure	  3.10.	   	  Once	   this	   spectrum	  has	  been	  measured,	   it	   is	   required	   to	  determine	  
what	  fraction	  of	  the	  total	  measured	  signal	  corresponds	  to	  the	  energy	  selected	  on	  the	  ion	  gun.	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This	  step	  is	  necessary	  because	  the	  Faraday	  cup	  sees	  current	  from	  ions	  of	  all	  energies,	  and	  so	  it	  
is	  necessary	  to	  know	  what	  fraction	  of	  that	  current	  corresponds	  to	  a	  selected	  energy	  so	  that	  a	  
calibration	  term	  can	  be	  calculated.	  	  The	  calibration	  term	  C	  is	  then	  calculated	  using	  equation	  8,	  
where	   I	   is	   the	   total	  measured	   faraday	   current,	   e	   is	   the	   coulomb	   charge,	   t	   is	   the	   120	   s	   time	  
period	  of	  ion	  measurement	  with	  the	  ESA,	  %ΔE	  is	  the	  percentage	  of	  ion	  beam	  that	  falls	  on	  the	  
selected	  energy	  chosen,	  X(1400eV)	   is	  the	  number	  of	  counts	  measured	  at	  the	  selected	  energy,	  
and	  DE(1400eV)	  is	  the	  detector	  efficiency	  at	  the	  same	  energy.	  	  A	  calibration	  curve,	  as	  shown	  in	  
figure	  3.13,	  can	  be	  calculated	  by	  dividing	  C	  by	  the	  detector	  efficiency	  at	  a	  given	  energy.	  	  	  
€ 
C(E) =
I
e ⋅ t⋅%ΔE
DE(E) X(1400eV )DE(1400eV )
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
	   	   	   	   	   (8)	  
	  
	  
Figure	   3.13:	   The	   calibration	   curve	  of	   the	   ESA	   is	   plotted.	   	   The	   calibration	   curve	   allows	   for	   a	   calculation	  of	   the	  
number	   of	   ions	   measured	   based	   on	   the	   number	   of	   counts	   measured	   with	   the	   histogram	   function	   of	   the	  
oscilloscope.	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   Lastly,	  the	  total	  flux	  of	   ions	  at	  a	  given	  energy	  is	  calculated	  by	  equation	  9	  where	  X(E)	   is	  
the	   number	   of	   counts	   measured	   at	   a	   given	   energy,	   ΔE	   is	   the	   energy	   resolution	   given	   by	  
equation	  9,	  A	  is	  the	  area	  of	  the	  smallest	  orifice,	  and	  N	  is	  the	  number	  of	  pulses	  over	  which	  the	  
measurement	  was	  taken	  [77].	  	  	  
	   	   	   	   	   	   	   (9)	  
	   Species	  are	  determined	  with	  the	  ESA	  by	  knowing	  three	  different	  factors:	  the	  E/q	  ratio,	  
the	  distance	  from	  the	  EUV	  plasma	  to	  the	  detector,	  as	  well	  as	  the	  time	  the	  peak	  arrives	  after	  the	  
formation	  of	  EUV.	  	  Using	  this	  information,	  and	  understanding	  that	  the	  potential	  energy	  of	  the	  
charged	  species	  is	  converted	  to	  kinetic	  energy,	  it	  is	  possible	  to	  perform	  a	  time	  of	  flight	  analysis	  
on	  the	  measured	  results.	  	  As	  shown	  in	  equation	  10,	  by	  using	  the	  E/q	  ratio	  to	  determine	  the	  ion	  
energy	   (E),	   the	   mass	   (mion)	   of	   the	   ion	   can	   be	   determined	   based	   on	   the	   oscilloscope	  
measurements.	  	  Closer	  inspection	  reveals	  that	  there	  are	  two	  unknowns,	  q	  and	  mion,	  and	  to	  truly	  
understand	  data,	  one	  needs	  to	  have	  a	  general	  understanding	  of	  the	  species	  that	  could	  possibly	  
be	  observed	  to	  determine	  which	  species	  are	  actually	  being	  observed.	  
	   	   	   	   	   	   	   (10)
	  
	  
3.6.3	  Neutral	  Detector	  
	   The	  neutral	  detector	  diagnostic	  is	  essentially	  the	  same	  as	  the	  ESA	  assembly	  without	  the	  
use	   of	   the	   energy	   sector	   discriminator.	   	   The	   setup	   consists	   of	   a	   set	   of	   Chevron	   style	   dual	  
microchannel	  plates,	  which	  are	  placed	  behind	  the	  ESA	  in	  direct	  line	  of	  sight	  to	  the	  EUV	  source.	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In	   this	   setup,	   the	   ESA	   acts	   as	   an	   ion	   diversion	   device	   that	   allows	   two	   different	   signals	   to	   be	  
observed	  by	  the	  neutral	  detector.	  	  The	  first	  measurement	  involves	  leaving	  the	  diverting	  plates	  
of	  the	  ESA	  set	  at	  ground	  so	  they	  have	  no	  influence	  on	  the	  beam	  reaching	  the	  neutral	  detector.	  	  
The	  beam	  thus	  measured	  contains	  both	  neutral	  and	  charged	  species	  and	  is	  termed	  the	  “total”	  
signal.	  	  The	  second	  measurement	  places	  a	  6	  kV	  potential	  difference	  across	  the	  diverting	  plates	  
and	  is	  capable	  of	  preventing	  all	   ionized	  debris	  from	  reaching	  the	  neutral	  detector	  as	  shown	  in	  
figures	  3.14	  and	  3.15.	  	  Even	  though	  the	  ion	  diverting	  plates	  are	  only	  capable	  of	  isolating	  singly	  
ionized	  14	  keV	  ions	  for	  ion	  measurements,	  the	  potential	  placed	  across	  the	  plates	  is	  enough	  to	  
divert	  much	  higher	  energetic	  ions	  just	  enough	  to	  be	  extinguished	  against	  the	  walls	  of	  the	  plates.	  	  	  
	  
	  
Figure	  3.14:	  The	  ESA	  is	  used	  as	  an	  ion	  diverter	  for	  neutral	  detector	  measurements.	  	  This	  results	  in	  a	  neutral	  only	  
flux	  being	  measured	  by	   the	  microchannel	  plates.	   	   The	   subtraction	  on	   the	   total	  and	  neutral	   flux	  estimates	   the	  
energetic	  ion	  flux.	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Figure	  3.15:	  Faraday	  cup	  measurements	  proving	  the	  effectiveness	  of	  the	  ESA’s	  ability	  to	  mitigate	  ions	  is	  shown.	  	  
The	  black	   line	  shows	  the	  measurement	  with	  no	  mitigation,	  where	  as	  the	  red	   line	  shows	  full	  mitigation	   in	  use.	  	  
The	  green	   line	   is	   the	  background	  measurement	   taken	  with	  all	   ion	  and	  photon	  beams	  being	  blocked.	   	  There	   is	  
only	   marginal	   separation	   between	   full	   diversion	   and	   background,	   which	   occurs	   later	   than	   30	   µs	   after	   pinch	  
formation	  and	  is	  due	  to	  variation	  in	  the	  signal.	  	  	  
	  
	   Because	   the	  debris	   travels	   through	   the	  alignment	  orifice	  of	   the	  ESA,	   this	  orifice	   is	   the	  
minimizing	  orifice	  to	  be	  consider	  when	  calculating	  flux	  measurements.	  Original	  designs	  of	  the	  
neutral	  detector	  incorporated	  a	  set	  of	  deflection	  plates	  placed	  perpendicularly	  to	  the	  beam	  of	  
charged	  particles,	  yet	  complete	  deflection	  of	  ions	  was	  not	  capable	  due	  to	  the	  shielding	  effects	  
of	   the	   intermixed	   ions.	   	  Without	  much	  higher	  voltages	   than	  were	  capable	  with	  cost	  effective	  
power	  supplies,	  it	  was	  not	  possible	  to	  completely	  get	  rid	  of	  the	  ions.	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   The	   physical	   assembly	   of	   the	   neutral	   detector	   consists	   of	   a	   stainless	   steel	   enclosure,	  
which	  is	  grounded	  to	  the	  chamber	  wall	  as	  shown	  in	  figure	  3.16.	   	  This	  enclosure	  is	  designed	  in	  
such	  a	  manner	  to	  reduce	  the	  amount	  of	  electromagnetic	  noise	  experienced	  by	  the	  charging	  and	  
discharging	  of	  capacitors	  typical	  of	  Z-­‐pinch	  devices.	  	  There	  is	  a	  hole	  in	  the	  front	  plate,	  allowing	  
for	  the	  transmission	  of	  the	  debris.	  	  A	  -­‐2.5	  kV	  high	  voltage	  line	  is	  run	  from	  the	  exterior	  of	  the	  ESA	  
chamber	  in	  order	  to	  provide	  the	  potential	  across	  the	  microchannel	  plates.	  	  This	  potential	  bias	  is	  
larger	   than	   the	   -­‐2.15	  kV	  bias	  used	   for	   the	  ESA’s	  microchannel	  plates	  because	   the	   two	  sets	  of	  
microchannel	   plates	   are	   different	   and	   have	   different	   corresponding	   wiring	   schemes.	   	   Lastly,	  
there	  is	  a	  capacitor	  connected	  to	  the	  rear	  plate	  of	  the	  microchannel	  plates	  that	  is	  attached	  to	  a	  
BNC	  port	  on	  the	  chamber.	  	  The	  same	  Ortec	  fast	  preamp	  is	  used	  to	  modulate	  the	  resulting	  signal	  
so	  that	  noise	   is	   less	  of	  a	   factor	  when	  measuring	  the	  signal.	   	  The	  resulting	  signal	   is	  once	  again	  
monitored	  with	   the	  oscilloscope’s	  histogram	  function	   to	  measure	   the	  signal	   from	  the	  start	  of	  
the	  EUV	  formation	  to	  the	  end	  of	  species	  arrival.	  	  	  	  
	  	  
	  
Figure	  3.16:	  The	  neutral	  detector	  is	  shown	  placed	  behind	  the	  ESA	  and	  facing	  the	  EUV	  source.	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   Due	   to	   the	   fact	   that	   microchannel	   plates	   create	   the	   electron	   cascade	   as	   a	   result	   of	  
transfer	  of	  momentum,	  microchannel	  plates	  are	  equally	  responsive	  to	  neutral	  particles	  as	  they	  
are	  charged	  particles.	  	  This	  suggests	  that	  the	  same	  calibration	  method	  used	  previously	  for	  the	  
ESA	  would	  hold	  in	  similar	  fashion	  for	  the	  neutral	  detector.	  	  In	  fact	  the	  setup,	  as	  shown	  in	  figure	  
3.17,	  is	  exactly	  the	  same	  except	  that	  for	  the	  second	  part	  of	  the	  calibration	  process	  the	  Faraday	  
cup	   is	   removed	  and	  the	  neutral	  detector	   is	  placed	   into	   the	   location	   it	  previously	  occupied.	   In	  
order	  to	  first	  measure	  the	  current	  produced	  by	  the	  ion	  gun,	  the	  Faraday	  cup	  is	  located	  in	  the	  2-­‐
3/4”	  port	  at	   the	  back	  of	   the	  chamber,	  and	  positioned	  such	  that	   it	   is	  at	   the	  same	   location	  the	  
neutral	  detector’s	  microchannel	  plates	  are	  located	  when	  it	   is	  placed	  in	  the	  chamber.	   	  The	  IQE	  
11/35	   Ion	   Gun	   is	   set	   up	   at	   1500eV,	   an	   energy	   level	   chosen	   because	   of	   its	   stability,	   and	  
manipulated	  so	  that	  it	  aligns	  up	  with	  the	  Faraday	  cup	  through	  the	  ESA.	  	  After	  the	  current	  is	  read	  
off	  the	  Faraday	  cup,	  the	  ion	  gun	  chamber	  is	  vacuum	  isolated	  and	  the	  neutral	  detector	  chamber	  
is	   brought	   up	   to	   atmosphere.	   	   The	   Faraday	   cup	   is	   removed	   and	   replaced	   with	   the	   neutral	  
detector	  and	  the	  chamber	  is	  pumped	  back	  down	  into	  the	  low	  10-­‐6	  Torr.	  	  It	  must	  be	  noted	  that	  in	  
order	  for	  the	  Faraday	  cup	  and	  the	  neutral	  detector	  to	  be	  exposed	  to	  the	  same	  amount	  of	  ions,	  
since	   the	  microchannel	   plates	   surface	   area	   is	   not	   the	   same	   as	   the	   Faraday	   cup’s,	   a	   limiting	  
orifice	  must	  be	  placed	  along	  the	  path	   length	  of	  the	   ion	  gun’s	  beam.	   	   In	  this	  case,	   the	   limiting	  
orifice	  was	  2.5mm,	  or	  the	  diameter	  of	  the	  alignment	  hole	  in	  the	  ESA,	  which	  is	  far	  smaller	  than	  
either	  measuring	  device’s	  exposed	  surface.	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Figure	  3.17:	  The	  calibration	  setup	  for	  the	  neutral	  detector	  consists	  of	  an	  IQE	  11/35	  ion	  gun,	  a	  Faraday	  cup,	  the	  
ESA,	   the	   neutral	   detector,	   and	   various	   vacuum	   equipment.	   	   The	   process	   correlates	   the	   amount	   of	   charge	  
observed	  using	  the	  Faraday	  cup,	  to	  the	  amount	  of	  debris	  measured	  using	  the	  neutral	  detector.	  	  The	  ESA	  removes	  
all	  of	  the	  ion	  flux	  so	  that	  a	  comparison	  of	  ion	  flux	  to	  charge	  amount	  is	  obtained.	  
	  
	   After	   the	   isolation	  of	  vacuum	  between	   the	   two	  chambers	   is	   removed,	  and	  pressure	   is	  
observed	  to	  be	  stable	  and	  similar	  to	  the	  prior	  operating	  pressure,	  the	  neutral	  detector	  is	  turned	  
on	  and	  the	  counts	  are	  summed	  over	  a	  two-­‐minute	  period.	  	  In	  the	  first	  measurement,	  the	  ESA’s	  
diverter	   plates	   are	   grounded	   so	   that	   a	   total	   debris	   flux	   hits	   the	   neutral	   detector.	   	   A	   second	  
measurement	   is	   then	   taken	  with	   the	   ESA’s	   plates	   held	   at	  maximum	  deflection,	   again	   for	   the	  
duration	  of	  a	  two-­‐minute	  period.	  	  The	  reason	  for	  these	  two	  measurements	  is	  that	  the	  Faraday	  
cup	   is	   only	   capable	   of	  measuring	   charged	   particles,	   and	   the	   neutral	   particles	   impact	  without	  
producing	   a	   current	   in	   the	   cup.	   	   In	   order	   to	   calibrate	   a	   ratio	   between	   particles	   hitting	   the	  
neutral	  detector	  and	  current	  read	  on	  the	  faraday	  cup,	  only	  the	  ions	  hitting	  the	  neutral	  detector	  
can	   be	   used	   in	   the	   calculation,	   a	   value	   determined	   after	   subtracting	   the	   number	   of	   neutral	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particle	  collisions	  from	  the	  total	  particle	  collisions	  measured	  on	  the	  neutral	  detector.	  	  The	  same	  
defining	  variables	  from	  equation	  8	  hold	  here	  as	  well.	  
€ 
C =
I
e ⋅ t⋅%ΔE
Xtotal (1500eV ) − Xneutral (1500eV )
DE(1500eV )
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
	   	   	   	   (11)
	  
	   The	  calibration	  factor	  from	  equation	  11	  is	  extracted	  from	  the	  results	  of	  the	  calibration	  
measurements,	  which	  give	  a	  conversion	   from	  counts	  measured	   to	  particles	   (either	  neutral	  or	  
charged)	  observed.	   	  The	  detector	  efficiency	   is	  a	   function	  of	   incident	  particle	  energy	  and	   is	  an	  
inherent	  trait	  of	  the	  microchannel	  plates,	  and	  as	  such	  any	  counts	  measured	  using	  the	  histogram	  
must	  be	  divided	  by	  this	  detector	  efficiency	  when	  measuring	  debris	   from	  a	  plasma	   in	  order	  to	  
extract	  the	  actual	  amount	  of	  counts	  observed	  by	  the	  microchannel	  plates.	  	  	  
	   When	   the	   neutral	   detector	   is	   used	   for	   measuring	   actual	   particle	   debris	   of	   a	   plasma	  
source,	   the	   counts	  measured	   on	   the	   histogram	   are	   converted	   to	   particles	  measured	   by	   first	  
dividing	  by	  the	  detector	  efficiency	  at	  the	  energy	  being	  measured	  (DE(E)),	  and	  then	  multiplying	  
by	  the	  calibration	  factor	  as	  shown	  in	  equation	  12.	  	  	  
€ 
N(E ) =
X(E )⋅ C
DE(E) 	   	   	   	   	   	   (12)
	  
	   If	  ions	  are	  being	  diverted	  away	  from	  the	  neutral	  detector,	  the	  particles	  measured	  on	  the	  
neutral	   detector	   are	   simply	   neutrals.	   	   If	   no	   diverter	   is	   used,	   a	   complete	   (ionic	   and	   neutral)	  
debris	   measurement	   is	   attained.	   	   In	   order	   to	   calculate	   the	   flux	   being	   observed,	   the	   same	  
equation	  used	   to	  calculate	   flux	   for	   the	  ESA	   is	  used,	  with	  one	  exception.	   	  Because	   there	   is	  no	  
energy	   resolution	   inherent	   to	   the	   neutral	   detector,	   the	   oscilloscope’s	   time	   step	   is	   used	   to	  
calculate	  the	  energy	  resolution	  (2ΔE).	  	  The	  time	  on	  the	  oscilloscope	  is	  converted	  to	  the	  energy	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that	  would	  be	  associated	  with	  the	  most	  likely	  neutral	  species	  reaching	  the	  detector	  at	  a	  given	  
time	  observed	  on	  the	  oscilloscope.	  	  For	  Xe-­‐fueled	  experiments,	  Xe	  is	  the	  chosen	  species	  while	  
N2	  is	  the	  chosen	  species	  for	  the	  Sn-­‐fueled	  experiments	  because	  nitrogen	  is	  the	  pinch	  gas	  used.	  	  
By	  assuming	  only	  one	  species	   is	   reaching	  the	  detector	   it	   is	  possible	   to	  analyze	  data	   the	  same	  
way	  used	   in	   ion	  debris	  analysis	  shown	  in	  equation	  12.	   	  For	  the	  neutral	  detector	  case,	  there	   is	  
only	  one	  unknown,	  however,	  and	  the	  equation	  is	  solved	  for	  energy	  so	  that	  all	  measured	  counts	  
are	  associated	  with	  certain	  energy.	   	  Error	  for	  this	  device	   is	  calculated	  using	  error	  propagation	  
on	  the	  calibration	  values.	  	  This	  incorporates	  errors	  due	  to	  neutral	  counts,	  calibration	  processes,	  
as	  well	  as	  inherent	  detector	  error.	  	  Although	  the	  details	  are	  inconsequential	  to	  this	  thesis,	  the	  
resulting	  error	  for	  each	  measured	  point	  is	  determined	  to	  be	  9.6%.	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CHAPTER	  4	  
THEORETICAL	  ANALYSIS	  
4.1	  Introduction	  
	   In	   order	   to	   understand	   the	   mitigation	   of	   debris,	   and	   the	   development,	   it	   is	   first	  
necessary	   to	   understand	   how	   energetic	   debris	   is	   created.	   	  Many	   groups	   have	  modeled	   EUV	  
plasmas,	  each	  seeking	  various	  aspects	  to	  describe	  how	  the	  plasma	  evolves	  in	  the	  first	  moments	  
of	  creation	  [80-­‐83].	  	  In	  this	  following	  chapter,	  the	  work	  of	  Murakami	  et	  al.	  will	  be	  presented	  and	  
discussed	  in	  reference	  to	  actual	  data	  measured	  on	  the	  XTS	  13-­‐35	  Xe-­‐fueled	  source	  [84].	  	  	  
	  
4.2	  Plasma	  Expansion	  Model	  
	   The	  theoretical	  approach	  taken	  by	  Murakami	   [84]	   is	  a	  self-­‐similar	  solution	  to	   the	  one-­‐
dimensional	   hydrodynamic	   equations	   governed	   by	   the	   electron	   and	   ion	   continuity	   equation	  
(eq.	   13),	   the	   ion	  and	  electron	  momentum	  equations	   (eqs.	   14	  and	  15	   respectively),	   and	   lastly	  
Poisson’s	   equation	   (eq.	   16).	   	   In	   these	   equations,	   i	   and	   e	   represent	   ion	   and	  electron,	   Z	   is	   the	  
ionization	  number,	  υ	   is	   the	  velocity,	  n	   is	   the	  density,	  me	   is	   the	  mass	  of	  an	  electron,	  mi	   is	   ion	  
mass,	  Φ 	  is	  the	  electrostatic	  potential	  inn	  cgs	  units,	  and	  e	  is	  the	  coulomb	  charge.	  	  The	  variable	  ν	  
is	  equal	  to	  1,	  2,	  or	  3	  for	  planar,	  cylindrical,	  and	  spherical	  coordinate	  systems	  respectively.	  	  The	  
continuity	  equation	  relates	  the	  temporal	  change	  in	  ion	  and	  electron	  densities	  to	  the	  amount	  of	  
density	  transported	  out	  of	  a	  finite	  element	  as	  a	  cause	  of	  electron	  and	  ion	  fluid	  behavior.	   	  The	  
momentum	  conservation	  equations	  restrict	  the	  ions	  and	  electrons	  to	  behave	  as	  true	  fluids,	  and	  
require	  the	  species	  to	  obey	  momentum	  changes	  occurring	  as	  a	  result	  of	  the	  plasma	  potential,	  
and	  the	  changes	  in	  velocity	  components	  of	  each	  species	  as	  a	  result	  of	  distribution	  differences.	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   (13)
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   (15)
	  
€ 
1
rv−1
∂
∂r r
v−1 ∂Φ
∂r = 4πe(ne − Zni)	   	   	   	   	   (16)	  
	   The	   electron	   temperature	   changes	   over	   time	   are	   described	   using	   the	   polytropic	   law	  
shown	  in	  equation	  17.	  	  In	  this	  scenario	  the	  polytropic	  index	  y	  can	  be	  varied	  to	  describe	  either	  
total	  plasma	  energy	  conservation,	  or	   it	  can	  be	  set	  to	  represent	  plasma	  cooling	  or	  heating.	   	  By	  
maintaining	  y=1,	  the	  electron	  temperature	  is	  assumed	  to	  remain	  temporally	  constant.	  In	  order	  
to	  solve	  equations	  13	  -­‐	  16	  in	  the	  description	  of	  non-­‐quasi-­‐neutral	  plasma,	  Murakami	  introduces	  
the	  self-­‐similar	  equations	  17	  –	  20.	  
	  
€ 
Te (t)
Te0
=
ne (t,0)
ne0 (0,0)
⎡ 
⎣ 
⎢ 
⎢ 
⎤ 
⎦ 
⎥ 
⎥ 
y−1
	   	   	   	   	   	   	   (17)	  
	  
€ 
υ i−e (t,r) =
dR
dt
r
R(t) =
˙ R ξ
	  	   	   	   	   	   	   (18)
	  
€ 
ne (t,r) = ne0
R0
R(t)
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
v
Ne (ξ) Ne (0) =1
	  	   	   	   	   (19)
	  
€ 
Zni(t,r) = ni0
R0
R(t)
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
v
Ni(ξ) Ni(0) ≠1
	  	   	   	   	   (20)	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Because	  the	  equations	  are	  set	  up	  as	  non-­‐quasi-­‐neutral,	   it	   is	  necessary	  to	  define	  a	  relationship	  
between	   the	   plasma	   size	   (R)	   and	   the	   Debye	   length	   (λ).	   	   The	   result	   of	   this	   ratio	   is	   the	  
dimensionless	   variable	  Λ	   which	   describes	   the	   self-­‐similar	   plasma	   dimensions.	   	   This	   relation	  
describes	  the	  general	  nature	  of	  the	  plasma	  suggesting	  that	  as	  the	  plasma	  expands,	  the	  shielding	  
length	  of	   the	  plasma	   field	  will	   also	   increase.	   	   This	   allows	   for	   the	  development	  of	   the	  plasma	  
being	  more	  responsive	  to	  external	  fields	  as	  it	  expands.	  	  The	  opposite	  process	  also	  occurs	  as	  the	  
plasma	  is	  confined	  using	  magnetic	  pressure.	  
	  
€ 
Λ =
R( t)
λD
=
R0
λD0
= R0
4πe2ne0
Te0
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
	  	   	   	   	   	   (21)	  
	   Using	  the	  mass	  conservation	  law	  from	  equation	  22,	  	  equation	  21	  can	  be	  reduced	  to	  the	  
constant	  relation	  expressed	  by	  equation	  23.	  	  This	  stipulation	  holds	  true	  only	  if	  the	  requirement	  
expressed	  in	  equation	  24	  is	  maintained.	  	  For	  the	  spherical	  case,	  which	  is	  assumed	  appropriate	  
for	   the	   application	   of	   modeling	   the	   Z-­‐pinch,	   y	   =	   4/3.	   	   Because	   y	   is	   greater	   than	   unity,	   the	  
electron	  temperature	  is	  assumed	  to	  increase	  over	  time	  proportionally	  to	  the	  1/3rd	  power	  of	  the	  
increase	  observed	  in	  electron	  density.	  	  The	  pinch,	  though	  cylindrical	  in	  geometry,	  is	  assumed	  to	  
behave	   spherically	   because	   the	   plasma	   expands	   spherical	   out	   of	   the	   cylindrical	   cavity.	  	  
Furthermore,	   by	   making	   this	   assumption,	   the	   polytropic	   index	   is	   made	   to	   hold	   to	   the	  
assumption	  that	  plasma	  expansion	  is	  adiabatic.	  
€ 
ne (t,0)∝ R(t)[ ]−υ
	   	   	   	   	   	   	   (22)	  
€ 
TeRυ −2 = Te0R0υ −2	  	   	   	   	   	   	   	   (23)	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€ 
y = 2 − 2v 	  	   	   	   	   	   	   	   	   (24)	  
	   Because	  the	   ions	  are	  assumed	  to	  be	  cold	  and	   initially	  at	  rest	  at	   t=0,	   they	  have	  a	   finite	  
range	   extending	   from	   0≤ξ≤ξf	   where	   ξ	   is	   the	   self-­‐similar	   variable	   describing	   distance.	   	   This	  
stipulation	  is	  a	  development	  of	  the	  fact	  that	  the	  mobility	  of	  ions	  is	  negligible	  compared	  to	  the	  
mobility	   of	   electrons.	   	   Because	   the	   electrons	   will	   escape	   the	   plasma,	   preferentially	   as	   the	  
plasma	  expands	  and	  the	  inter-­‐plasma	  shielding	  is	  reduced,	  the	  ions	  can	  only	  be	  accelerated	  to	  a	  
certain	  distance	  away	  from	  the	  core	  of	  the	  plasma.	  	  It	  should	  be	  noted	  that	  this	  condition	  only	  
applies	   for	   completely	   confined	  dense	  plasma,	   and	  does	  not	   hold	   for	   the	   fact	   that	   after	   a	   Z-­‐
pinch	  has	  ceased.	   	  The	  plasma	   is	   then	  allowed	  to	  expand	  without	  external	  confinement.	   	  The	  
second	   fluid	   species,	   relating	   to	   electrons,	   is	   defined	   through	   all	   spatial	   locations.	   	   The	   ion	  
boundary	   at	   ξf	   is	   sharply	   defined,	   and	   the	   region	   extending	   from	   ξf	  →∞	   defines	   the	   plasma	  
sheath	  region.	  	  Utilizing	  the	  following	  definition,	  φ(ξ)=eΦ/Te,	  the	  ion	  momentum	  equation	  (eq.	  
14)	   can	  be	   separated	  by	   variables	   to	   reveal	   the	   relations	   in	   equation	   25.	   	   The	  dimensionless	  
potential	   function	   is	  defined	  with	  the	  boundary	  condition	  that	  φ(0)	  =	  0,	  and	   is	  constrained	  by	  
the	   speed	   of	   sound	   as	   defined	   in	   equation	   26.	   Integrating	   equation	   25	   yields	   the	   relation	   of	  
plasma	   size	   rate	   of	   change.	   	   The	   dependence	   on	   the	   speed	   of	   sounds	   suggests	   that	   the	  
expansion	  rate	  of	   the	  plasma	  approaches	   twice	   the	  speed	  of	  sound	  as	   the	  size	  of	   the	  plasma	  
increases	  to	  infinity.	  	  The	  initial	  expansion	  of	  the	  plasma	  is	  relatively	  slow	  but	  escalates	  as	  time	  
evolves.	  
€ 
miR
ZTe
d2R
dt 2 =
R2
cs02 R0
d2R
dt 2 = −
1
ξ
dφ
dξ = 2 	  	   	   	   	   	   (25)	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! 
cs0 = Speedof Sound =
ZTe0
mi
" 
# 
$ 
% 
& 
' 	  	   	   	   	   	   (26)	  
€ 
˙ R (t) = 2cs0 1−
R0
R(t) 	  for	  spherical	  geometry	  	   	   	   (27)
	  
	   Having	  solved	  the	  ion	  momentum	  equation	  over	  the	  range	  between	  0≤ξ≤ξf,	  the	  electron	  
momentum	  is	  then	  solved	  by	  Murakami	  for	  the	  entire	  0≤ξ≤∞	  range.	  	  The	  first	  two	  self-­‐similar	  
conditions	   (eqns.	   18	   and	   19),	   coupled	   with	   equation	   25	   can	   be	   solved	   to	   yield	   the	   electron	  
number	  equation	  as	  follows	  in	  equation	  28.	  	  Again	  assuming	  that	  the	  ratio	  between	  plasma	  size	  
and	  Debye	  length	  is	   invariant	  over	  the	  extent	  of	  plasma	  expansion,	  Poisson’s	  equation	  can	  be	  
rewritten	  for	  the	  ion	  and	  electron	  regimes	  in	  self-­‐similar	  coordinates	  as	  shown	  in	  equation	  29.	  
	   	  
€ 
Ne = exp(φ −
Zme
mi
ξ2) = exp(φ − µeξ2) 	   	   	   	   (28)	  
	  
€ 
1
ξ2
∂
∂r ξ
2 ∂φ
∂r =
Λ2 Ne − Ni( ) ξ ≤ ξ f
Λ2 exp(φ − µeξ2) ξ > ξ f
⎧ 
⎨ 
⎪ 
⎩ ⎪ 
	   	   	   	   (29)	  
	   Integrating	  the	  last	  term	  in	  equation	  25,	  combining	  the	  results	  for	  ξ2	  into	  equation	  28,	  
and	  then	  plugging	  the	  result	   into	  equation	  29,	  the	  entire	  characterization	  of	  the	  electron	  and	  
ion	  fluids	  can	  be	  achieved	  within	  the	  ion	  fluid	  regime	  (≤ξf).	   	  Equation	  30	  proves	  interesting	  in	  
analyzing	  the	  effects	  of	  EUV	  plasma	  development	  on	  the	  creation	  of	  energetic	  charged	  species.	  	  
The	   plasma	   potential	   is	   proportional	   to	   the	   negative	   square	   of	   the	   self-­‐similar	   length	  
coordinate.	  	  This	  is	  in	  ordinance	  with	  the	  previous	  statement	  that	  relationship	  between	  plasma	  
size	  and	  Debye	   length	   is	  directly	  proportional.	   	  So	  as	   the	  plasma	  has	  expanded,	   the	  potential	  
observed	  across	  a	  Debye	  length	  is	  increased.	  	  This	  result	  explains	  the	  cause	  of	  plasma	  expansion	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within	   the	   dense	   plasma.	   	   As	   the	   plasma	   expands,	   which	   is	   a	   natural	   consequence	   of	   the	  
electron	   temperature	   and	   density,	   it	   separates	   the	   charge	   shielding,	   which	   destructively	  
prevents	  plasma	  confinement	  because	  the	  electrons	  in	  the	  sheath	  region	  have	  a	  finite	  pull	  on	  
the	  electrons	  inside	  of	  the	  sheath	  region.	  	  The	  ion	  and	  electron	  densities	  as	  a	  function	  of	  self-­‐
similar	  distance	  also	  reveal	  the	  development	  of	  a	  charge	  imbalance	  within	  the	  plasma.	  	  Within	  
the	  ion	  core,	  there	  is	  a	  net	  positive	  quantity	  of	  ions	  versus	  electrons.	  	  Because	  the	  electrons	  are	  
able	  to	  leave	  the	  core	  rapidly,	  the	  exterior	  of	  the	  plasma	  is	  negative	  and	  thus	  the	  electrons	  pull	  
the	  ions	  slowly	  away	  from	  the	  center	  of	  the	  plasma.	  	  The	  limit	  of	  this	  expansion	  is	  the	  mass	  of	  
the	   heavy	   ions,	   which	   is	   contained	   in	   the	   speed	   of	   sound	   velocity	   components	   of	   the	  
momentum	  conservation	  law	  results	  shown	  in	  equation	  27.	  
€ 
φ = −ξ2	  	   	   	   	   	   	   	   	   (30)	  
€ 
Ne = exp[−(1+ µe )ξ2]	  	  	   	   	   	   	   	   (31)	  
€ 
Ni = Ne + 6Λ−2	   	   	   	   	   	   	   (32)	  
	   Having	   solved	   the	   self-­‐similar	   Poisson’s	   equation	   up	   to	   the	   ion	   front	   at	   ξf,	  Murakami	  
then	  solves	   the	  modified	  Poisson’s	  equation	   for	   the	   rest	  of	   the	  electron	   fluid	  using	   the	   three	  
boundary	   equations	   established	   in	   equations	   33-­‐35.	   	   The	   first	   two	   boundary	   conditions	   are	  
continuity	   conditions	   resolved	  at	   the	   ion	   front	   location,	  where	  as	   the	   third	   condition	  bounds	  
the	  potential	  function	  to	  a	  finite	  value	  at	  infinity.	  	  Except	  when	  solving	  for	  the	  planar	  1-­‐D	  case,	  
numerical	  analysis	  is	  required	  to	  solve	  Poisson’s	  equation.	  	  The	  numerical	  analysis	  of	  the	  third	  
dimension	  is	  particularly	  difficult	  due	  to	  the	  transcendental	  relation	  between	  plasma	  potential	  
curvature	  and	  its	  relation	  to	  the	  exponential	  of	  the	  plasma	  potential.	  	  For	  the	  purposes	  of	  this	  
thesis,	  the	  derivation	  of	  the	  plasma	  potential	  beyond	  the	  ion	  –	  electron	  sheath	  was	  not	  solved,	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though	   it	   is	   known	   to	   decrease	   much	   less	   vigorously	   than	   the	   drop	   off	   observed	   in	   the	   -­‐ξ2	  
region	  from	  0	  →	  ξf.	  
	   	   BC	  1:	  	  
€ 
φ(ξ f ) = −ξ f 2	   	   	   	   	   	   	   (33)	  
BC	  2:	  	  
€ 
dφ(ξ f )
dξ = −2ξ f 	  	  	   	   	   	   	   	   (34)	  
BC	  3:	  	  
€ 
lim
ξ→∞
ξ f
2 dφ
dξ = 0 	  	   	   	   	   	   	   	   (35)	  
€ 
ξ f
2 =W (Λ
2
2 ) =
Λ2
2 exp[
Λ2
2 ] ≈ ln
Λ2
2
ln Λ
2
2
⎡ 
⎣ 
⎢ 
⎤ 
⎦ 
⎥ 
⎡ 
⎣ 
⎢ 
⎢ 
⎢ 
⎢ 
⎤ 
⎦ 
⎥ 
⎥ 
⎥ 
⎥ 
	   	   	   	   (36)	  
	   The	  solution	  within	  the	  plasma	  sheath	  is	  shown	  in	  equation	  36,	  and	  utilizes	  the	  Lambert	  
function.	  	  In	  order	  to	  solve	  for	  the	  ion	  energy	  distribution,	  as	  well	  as	  the	  maximum	  ion	  energy	  
expected,	   Murakami	   coupled	   equations	   31	   and	   32	   in	   dimensionless	   space.	   	   Differentiating	  
equation	  37	  with	  respect	  to	  ξ,	  and	  using	  the	  relationship	  between	  max	  ion	  energy	  and	  average	  
ion	  energy	  shown	  in	  equation	  38,	  it	  is	  possible	  to	  derive	  the	  final	  temporal	  evolution	  of	  the	  ion	  
spectrum	  as	  shown	  in	  equation	  39.	  	  Not	  all	  too	  surprisingly,	  it	  is	  shown	  that	  the	  maximum	  ion	  
energy	  is	  related	  to	  the	  initial	  ion	  energy	  through	  the	  square	  of	  the	  self-­‐similar	  distance	  term.	  	  
This	   is	   the	   confinement	   discussed	   earlier	   that	   the	   plasma	   expansion	   rate	   is	   relative	   to	   the	  
plasma	  size,	  and	  so	  a	   larger	  final	  plasma	  size	  results	   in	  more	   largely	  accelerated	   ions	  because	  
the	  plasma	  potential	  is	  more	  heavily	  experienced	  by	  the	  ions.	  	  Furthermore,	  it	  takes	  longer	  for	  
the	  plasma	  to	  evolve	  to	  a	   larger	  size,	  and	  thus	  the	  ions	  are	  allowed	  to	  accelerate	  for	  a	   longer	  
period	  of	  time.	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€ 
Ni =
6
Λ2
+ exp − 1+ µe[ ]( )
⎡ 
⎣ ⎢ 
⎤ 
⎦ ⎥ 
	   	   	   	   	   	   (37)	  
€ 
ε i,max = ε 0ξ f
2	   	   	   	   	   	   	   	   (38)	  
€ 
d ˜ N i
dε =
A
ε0
ε
ε0
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
1/ 2 6
Λ2
+ exp −(1+ µe )
ε
ε0
⎡ 
⎣ 
⎢ 
⎤ 
⎦ 
⎥ 
⎧ 
⎨ 
⎩ 
⎫ 
⎬ 
⎭ 
ε ≤ ε imax
ε imax = ε0ξ f
2 A = Constant of Normalization
	  	   	   	   (39)	  
	   Using	  the	  range	  of	  30	  eV	  to	  100	  eV	  temperatures,	  and	  assuming	  an	  electron	  density	  of	  
1019cm-­‐3,	  the	  resulting	  differential	  energy	  spectrum	  is	  plotted	  in	  figure	  4.1	  with	  the	  measured	  
energy	   spectrum	   observed	   when	   measuring	   the	   XTS	   13-­‐35	   with	   the	   neutral	   detector	  
(measurements	   shown	   will	   be	   explained	   and	   presented	   in	   chapter	   5).	   	   The	   experiment	   and	  
theory	   do	   not	   match	   particularly	   well,	   which	   might	   be	   a	   result	   of	   Murakami’s	   model	   not	  
accommodating	  plasma	  instabilities.	  	  These	  instabilities	  cause	  turbulent	  regions	  of	  high	  and	  low	  
magnetic	   pressure,	   which	   assist	   in	   the	   further	   acceleration	   of	   ions	   to	   higher	   energies.	  	  
Furthermore,	   the	   development	   of	   this	   theory	   is	   based	   on	   a	   volume	   that	   is	   not	   confined	   by	  
physical	  boundaries.	   	   	  The	  theory	   is	  shown	  to	  be	   larger	  than	  measured	  flux	  from	  1-­‐4	  keV.	   	  At	  
this	  point,	   the	  measured	  signals	  begin	  to	   increase	  where	  the	  theory	  approaches	  a	  finite	   limit.	  
The	  “Total	  spectrum”	  includes	  both	  energetic	  ions	  and	  energetic	  neutrals	  with	  the	  assumption	  
that	   coming	   from	   the	   pinch	   the	   energetic	   neutrals	   were	   originally	   charged	   species	   that	  
exhibited	  charge	  recombination.	  	  It	  is	  not	  hard	  to	  imagine,	  however,	  that	  acceleration	  processes	  
have	  strongly	  accelerated	  a	  proportion	  of	  the	  low	  energy	  ions	  to	  higher	  energies.	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Figure	  4.1:	  The	  measured	  ion	  and	  total	  (ion	  +	  neutral)	  normalized	  energy	  spectrum	  is	  plotted	  in	  comparison	  to	  
the	  theoretical	  calculation	  of	  ion	  energy.	  	  Not	  shown	  for	  visual	  clarity	  are	  the	  9.6%	  error	  bars	  associated	  with	  the	  
ion	  and	  total	  spectrums.	  
	  
4.3	  Ionization	  and	  Recombination:	  	  Development	  of	  Energetic	  Neutral	  Species	  
	   In	   order	   to	  understand	   the	  development	  of	   energetic	   neutrals	   as	  well	   as	   the	  multiply	  
charged	  ions	  (q	  [charge	  state]<11)	  required	  for	  EUV	  emission,	  it	  is	  first	  necessary	  to	  understand	  
the	  dynamics	  of	  charge	  exchange	  within	  dense	  warm	  plasmas.	  	  According	  to	  Gillaspy	  in	  [85],	  the	  
main	   processes	   involved	  with	   the	   ionization	   and	   neutralization	   of	   Xe	   in	   EUV	   plasmas	   are	   as	  
follows:	  
1) Ionization	  
a. Electron	  impact	  
b. Photoionization	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2) Recombination	  
a. Dielectronic	  recombination→radiative	  recombination	  
b. Three-­‐body	  
c. Charge	  exchange	  
	   To	  begin	  understanding	  the	  development	  of	  the	  highly	   ionized	  species	  (the	  production	  
of	   energetic	   neutrals	   is	   to	   follow),	   it	   is	   necessary	   to	   understand	   how	   electrons	   are	   removed	  
from	  the	  electron	  cloud	  of	  the	  Xe	  atom.	   	  The	  two	  ionization	  processes	   listed,	  electron	   impact	  
ionization	   and	   photoionization,	   are	   the	   processes	   that	   lead	   to	   the	   development	   of	   charged	  
species	   present	   in	   the	   EUV	   plasma	   at	   the	   time	   of	   Z-­‐pinch	   confinement.	   Electron	   impact	  
ionization	   involves	  a	  collision	  between	  a	  neutral	  or	  charged	  atom	  and	  an	  electron	  resulting	   in	  
the	   ionization	  and	  possibly	   the	  excitation	  of	   the	  atom	  and	   the	   release	  of	  an	  electron:	  Xen+→	  
Xen++	  +	  2e-­‐.	  	  This	  process	  is	  relatively	  straightforward,	  and	  often	  depends	  on	  the	  energy	  of	  the	  
electron.	   	  Multiple	   impact	   ionizations	   (Xen+→	   Xe(n+q)+	   +	   (q+1)e-­‐	  where	   q>1)	   are	   also	   possible,	  
though	   these	   processes	   are	   less	   likely	   they	   result	   in	   the	   ejection	   of	  more	   than	   one	   electron	  
from	   the	   base	   atom.	   	   Typically,	   these	   reactions	   are	   an	   order	   of	  magnitude	   smaller	   than	   the	  
single	   ionization	   processes	   as	   is	   shown	   in	   [86].	   	   The	   single	   ionization	   cross	   sections	   of	   the	  
q=1→4	   are	   shown	   in	   figure	   4.2.	   	   The	   single	   (a),	   double	   (b),	   and	   triple	   (c)	   ionization	   cross	  
sections	  for	  the	  q=4→11	  charge	  states	  are	  subsequently	  shown	  in	  figure	  4.3.	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Figure	  4.2:	  The	  single	  electron	  impact	  ionization	  cross	  sections	  are	  plotted	  for	  the	  q	  =	  1-­‐4	  cases.	  	  The	  overlaying	  
thick	  colored	  lines	  are	  used	  for	  visual	  clarity	  to	  recognize	  the	  experimental	  measurements	  plotted.	  	  The	  dashed	  
and	   solid	   lines	   on	   the	   graph	   are	   theoretical	   curves	   that	   are	   identified	   and	   further	   defined	   in	   the	   article	   from	  
which	  this	  figure	  came	  [87].	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Figure	   4.3:	   The	   cross	   sections	   of	   various	   Xe	   electron	   impact	   ionization	   reactions	   are	   shown.	   (a)	   The	   single	  
electron	  impact	  single	  ionization	  cross	  sections	  are	  plotted	  for	  the	  q	  =	  6-­‐11	  cases.	  	  The	  cross	  sections	  are	  plotted	  
in	   order	   from	   q	   =	   6,7,8,9,10,11	   from	   top	   to	   bottom.	   	   (b)	   The	   single	   electron	   impact	   double	   ionization	   cross	  
sections	  are	  plotted	  for	  the	  q	  =	  5-­‐10	  cases.	  	  The	  cross	  sections	  are	  plotted	  in	  order	  from	  q	  =	  5,6,7,8,9,10	  from	  top	  
to	  bottom.	  (c)	  The	  single	  electron	  impact	  triple	  ionization	  cross	  sections	  are	  plotted	  for	  the	  q	  =	  4-­‐9	  cases.	   	  The	  
cross	  sections	  are	  plotted	  in	  order	  from	  q	  =	  4,5,6,7,8,9	  from	  top	  to	  bottom.	  	  This	  figure	  is	  taken	  from	  [87].	  
	  
It	  is	  interesting	  to	  note	  the	  fact	  that	  as	  the	  ionization	  state	  increases,	  the	  relative	  cross	  section	  
to	  ionize	  the	  ion	  once	  more	  decreases.	  	  This	  leads	  to	  the	  direct	  conclusion	  that	  higher	  ionization	  
states	   will	   be	   more	   rare	   than	   the	   lower	   ionization	   state.	   	   Furthermore,	   because	   the	   cross	  
sections	  are	  on	  the	  order	  of	  10-­‐19	  cm2-­‐10-­‐17	  cm2,	  it	  is	  evident	  that	  the	  ionization	  of	  the	  Xe	  atoms	  
to	  10+	  can	  only	  happen	   in	  the	  dense	  plasma	  environment	  created	  by	  the	  compression	  of	   the	  
pre-­‐ionized	   plasma	   such	   as	   in	   the	   Z-­‐pinch	   or	   laser	   compression	   of	   an	   laser	   produced	   plasma	  
source.	   	   	   Within	   the	   dense	   plasma,	   such	   cross	   sections	   lead	   to	   a	   total	   of	   approximately	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3x1025reactions	  occurring	  per	   second	  of	   confinement.	   In	   the	  0.5	  µs	  plasma	  confinement,	   this	  
leads	   to	   an	   order	   of	   nearly	   1019	   reactions	   occurring	   that	   lead	   to	   the	   ionization	   of	   species	   to	  
higher	   levels	   (σ=10-­‐17	   cm2,	  p	  =	  3	  mTorr,	  pinch	  plasma	  diameter	  =	  1mm,	  ne	  =	  10
20,	  Te~30	  eV).	  	  
Furthermore,	   as	   ionization	   states	   increase,	   the	   electron	   energy	   threshold	   is	   increased,	  
approaching	  102	  eV	  to	  ionize	  the	  9+	  ions	  to	  10+.	  	  Although	  the	  EUV	  plasma	  temperature	  is	  said	  
to	  be	  ~30	  eV,	  this	  is	  simply	  an	  average	  energy,	  and	  if	  the	  electron	  distribution	  is	  assumed	  to	  be	  
Maxwellian,	   there	   is	   a	   finite	   probability	   that	   100	   eV	   electrons	   will	   exist	   to	   perform	   these	  
reactions.	  
	   The	   second	   ionization	   process	   of	   relevance	   is	   the	   process	   of	   photoionization.	   	   In	   this	  
process	  a	  photon	  is	  incident	  on	  a	  Xe	  atom,	  and	  through	  photoionization	  an	  electron	  is	  ejected	  
with	   a	   kinetic	   energy	   of	   the	   difference	   between	   the	   binding	   energy	   of	   the	   electron	   and	   the	  
incident	  photon	  energy.	  	  The	  process	  is	  coupled	  with	  a	  relaxation	  process	  by	  which	  the	  ejected	  
electron’s	   hole	   is	   filled	   with	   an	   outer	   shell	   electron	   either	   through	   photon	   emission,	   or	   the	  
ejection	  of	   an	  Auger	   electron	   [88].	   As	   is	   shown	   in	   figure	   4.4,	   the	  photoionization	  of	   the	   first	  
three	  ionization	  states	  bear	  cross	  sections	  on	  the	  order	  of	  10-­‐18	  cm2.	  	  These	  cross	  sections	  are	  1-­‐
2	  orders	  of	  magnitude	  smaller	  than	  the	  electron	  impact	   ionization,	  and	  as	  such	  the	  process	   is	  
not	  the	  lead	  source	  of	  ionized	  higher	  states	  of	  Xe	  in	  the	  development	  of	  EUV	  plasma.	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Figure	  4.4:	  The	  photoionization	  cross	  sections	  for	  the	  ionization	  of	  Xe0	  to	  Xe1+,	  Xe2+,	  and	  Xe3+	  are	  presented.	  	  The	  
cross	   section	   for	   the	  1+	   state	  decreases	  exponentially	  with	   increasing	  photon	  energy	  until	   nearly	   50	  eV.	   	   The	  
photoionization	  of	   the	  higher	   charge	  states	  are	  driven	  more	   readily	  by	  energetic	  photons	  greater	   than	  60	  eV.	  	  
For	  topical	  consideration,	  the	  energy	  of	  an	  EUV	  photon	  is	  approximately	  92	  eV.	   	  Higher	   ionization	  states	  were	  
not	  readily	  available	  in	  literature.	  	  This	  figure	  was	  taken	  from	  [89].	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   The	   development	   of	   ions	   is	   limited	   by	   the	   opposite	   reactions,	   which	   neutralize	   ion	  
species.	  	  These	  recombination	  processes	  are	  evidently	  important	  for	  the	  structure	  of	  this	  thesis,	  
as	   it	   is	   through	   these	   processes	   that	   energetic	   neutral	   species	   are	   formed.	   	   As	   mentioned	  
earlier,	   the	  process	  of	  electron-­‐ion	  recombination	   in	  EUV	  plasmas	  can	  be	  carried	  out	  through	  
dielectronic	  recombination,	  three-­‐body	  collisions,	  or	  charge	  exchange	  between	  ionized	  atoms.	  	  
The	  first	  process,	  dielectronic	  recombination,	  proceeds	  as	  follows:	  	  (1)	  An	  electron	  approaches	  
a	   ionized	  Xe	  atom,	  where	   it	   accelerates	  due	   to	   the	   ion	  positive	   charge	   field,	   (2)	   the	  electron	  
doubly	  excites	  the	  ion	  and	  is	  captured	  in	  a	  Rydberg	  state	  within	  the	  ion,	  (3)	  the	  doubly	  excited	  
ion	   (with	   one	   extra	   electron	   from	   its	   unexcited	   state)	   decays	   through	   the	   process	   of	   photon	  
emission	   (net	   recombination)	   or	   autoionization	   (net	   increase	   in	   charge)	   [90].	   	   The	  
photoemission	  process,	  and	   thus	   recombination	  process,	   is	  what	   is	   important	   for	   considering	  
the	  lowering	  of	  charge	  state	  within	  a	  xenon	  atom.	  	  Unfortunately,	  there	  is	  a	  lack	  of	  published	  
data	  to	  describe	  the	  cross	  sections	  involving	  the	  dielectric	  recombination	  of	  species	  outside	  of	  
Xe10+-­‐Xe9+.	  	  The	  charge	  recombination	  reaction	  rates	  of	  the	  following	  two	  reactions	  are	  shown	  
in	  figures	  4.5	  and	  4.6:	  	  
e-­‐	  +	  Xe10+(4d8)→Xe9+(4d74f1nl)	  →Xe9+(4d8nl)+hv	   	   	   (40)	  
	   	   	   	  e-­‐	  +	  Xe10+(4d8)→Xe9+(4d75p1nl)	  →Xe9+(4d8nl)+hv	   	   	   (41)	  
	  
	  
	  
78	  
	  
Figure	   4.5:	   The	   dielectronic	   recombination	   reaction	   rate	   coefficient	   for	   the	   e-­‐	   +	   Xe10+(4d8)→Xe9+(4d74f1nl)	  
→Xe9+(4d8nl)+hv	  transition	  is	  presented.	  	  The	  various	  values	  of	  n	  describe	  different	  levels	  to	  which	  the	  electron	  
is	   relaxed	   upon	   photon	   emission.	   For	   n=4	   the	   transition	   is	   not	   evidently	   requiring	   a	   threshold	   electron	  
temperature,	  but	  progressive	  levels	  have	  thresholds	  approaching	  5-­‐10	  eV.	  	  Figure	  taken	  from	  [91].	  
	  
Using	   the	  coefficient	  at	  30	  eV,	   reactions	  proceed	  at	  a	  volumetric	   rate	  of	  approximately	  5x10-­‐
11cm3/s.	  	  Incorporating	  electron	  density,	  this	  operation	  produces	  approximately	  2500	  transfers	  
to	  lower	  charge	  states	  in	  the	  period	  of	  the	  pinch.	  	  This	  clearly	  is	  much	  less	  than	  the	  ionization	  
amounts	   previously	   presented,	   and	   clearly	   shows	   how	   this	   process	   can	   only	   occur	   in	   high	  
electron	  density	  regions	  such	  as	  the	  pinch,	  and	  not	  in	  open	  gas	  environments.	  	  Unfortunately,	  
there	  does	  not	  exist	  a	  great	  deal	  of	  experimental	  data	  describing	  the	  radiative	  recombination	  
rates	  for	  the	   lesser	  species,	  but	   it	  was	  presented	   in	  [92]	  that	  for	  such	  high	  electron	  densities,	  
the	  radiative	  recombination	  rate	  (α)	  of	  two	  adjacent	  species	  (with	  assumed	  equal	  populations)	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can	   be	   described	   by	   equation	   42.	   	   In	   this	   equation,	   Z	   is	   the	   ion	   charge	   state	   of	   the	   species	  
undergoing	   recombination,	   and	   Te	   (eV)	   is	   the	   electron	   temperature.	   	   For	   the	   Xe
1+	   to	   Xe9+	  
recombination	   reactions,	   the	   radiation	   recombination	   rate	   goes	   from	   ~5x10-­‐6s-­‐1	   to	   4x10-­‐8s-­‐1.	  	  
This	   approximation	   equation	   does	   disagree	   with	   the	   calculated	   terms	   in	   figure	   4.6	   by	   two	  
orders	  of	  magnitude,	  but	  the	  lack	  of	  additional	  reaction	  rates	  limits	  critiques	  of	  the	  evaluated	  
reaction	  rates.	  
€ 
2.7x10−13Z 2Te−1/ 2cm3s−1 	  	   	   	   	   	   	   (42)	  
	  
	  
Figure	   4.6:	   The	   dielectronic	   recombination	   reaction	   rate	   coefficient	   for	   the	   e-­‐	   +	   Xe10+(4d8)→Xe9+(4d75p1nl)	  
→Xe9+(4d8nl)+hv	  transition	  is	  presented.	  	  The	  various	  values	  of	  n	  describe	  different	  levels	  to	  which	  the	  electron	  
is	  relaxed	  upon	  photon	  emission.	  	  Figure	  taken	  from	  [91].	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   The	   second	   recombination	   process,	   three-­‐body	   collisions,	   involves	   the	   use	   of	   two	  
electrons	   impacting	   with	   an	   ion	   to	   form	   a	   lesser-­‐charged	   species.	   	   The	   process	   can	   actually	  
proceed	  with	  more	  than	  two	  electrons,	  as	  suggested	  in	  the	  rates	  presented	  in	  figure	  4.7.	  	  The	  
three-­‐body	  reaction	  carries	  out	  when	  two	  electrons	  impact	  a	  charged	  ion.	  	  In	  this	  situation,	  the	  
third	   electron	   simply	   acts	   to	   maintain	   the	   conservation	   of	   energy	   and	   momentum	   of	   the	  
reaction,	   and	   has	   no	   part	   in	   the	   electronic	   neutralization	   of	   the	   ion.	   	   It	   is	   clear	   by	   the	   rate	  
coefficients	   that	   the	   three-­‐body	   collisions	   are	   a	   minimal	   process	   in	   the	   development	   of	  
energetic	  neutrals.	   	  The	  rate	  coefficient	  for	  EUV	  plasma	  suggests	  that	  transitions	  occur	  on	  the	  
order	  of	  10-­‐25s-­‐1.	  	  This	  is	  several	  orders	  of	  magnitude	  smaller	  than	  radiative	  recombination.	  	  This	  
observation	  is	  further	  confirmed	  in	  [92].	  	  	  
	  
	  
Figure	   4.7:	   Plotted	   in	   the	   figure	   are	   the	   three,	   four,	   and	   five	  body	   collision	   reaction	   rates	   for	   dense	  plasmas.	  	  
These	  multi-­‐body	  processes	  involve	  the	  use	  of	  2,	  3,	  and	  4	  electrons	  colliding	  together	  with	  a	  1+,	  2+,	  and	  3+	  ions	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(Figure	  4.7	  cont.)	  respectively	  to	  form	  a	  neutral	  species.	  	  One	  of	  the	  electrons	  in	  each	  case	  is	  simply	  a	  spectator	  
electron	  that	  conserves	  energy	  and	  momentum	  of	  the	  reaction.	  	  Figure	  taken	  from	  [93].	  	  
	  
	   The	   last	   recombination	   process	   discussed	   by	   Gillaspy,	   charge	   exchange,	   involves	   the	  
collision	  of	  two	  charged	  ion	  species,	  in	  which	  charge	  is	  transferred	  from	  one	  of	  the	  ions	  to	  the	  
other.	   	  Through	  this	  process,	  one	  species	  becomes	  more	  ionized	  where	  as	  the	  other	  becomes	  
more	  neutral.	   	  Unfortunately	  there	  are	  almost	  no	  charge	  exchange	  cross	  section	  data	  derived	  
for	   such	   processes	   of	   ionized	   xenon	   due	   to	   the	   difficulties	   involved	   with	   measuring	   the	  
interactions	  between	  the	  species.	  	  As	  such,	  it	  is	  quite	  uncertain	  how	  relevant	  this	  process	  is	  in	  
comparison	   to	   the	   three-­‐body	   collisions	   and	   the	   radiative	   recombination	   process.	  	  
Conceptually,	  however,	   it	   is	  clear	   that	  such	  a	  process	  propagates	   the	  transfer	  of	  charged	  and	  
neutral	  species,	  thus	  allowing	  for	  the	  development	  of	  energetic	  neutral	  species.	  
	   Having	   discussed	   the	   charge	   exchange	   processes	   involved	   within	   the	   dense	   warm	  
plasma	   created	   for	   EUV	   emission,	   it	   becomes	   apparent	   how	   energetic	   highly	   ionized	   and	  
neutral	   species	  are	  created.	  Ultimately,	   the	   importance	  of	   recombination	  becomes	  evident	   in	  
the	   observation	   that	   the	   neutral	   detector	   from	   this	   thesis	   measured	   an	   abundance	   of	   very	  
energetic	  neutral	  species	  being	  emitted	  from	  the	  plasma.	  	  Clearly	  energetic	  neutral	  species	  play	  
an	  important	  role	  in	  the	  development	  of	  EUV	  plasmas,	  and	  the	  eventual	  emission	  of	  EUV	  light.	  
At	  this	  point,	   is	  necessary	  to	  highlight	  the	  very	   important	  conclusion	  that	  the	  development	  of	  
energetic	  neutrals	  must	  occur	  within	  the	  dense	  plasma,	  and	  not	  in	  the	  transport	  from	  plasma	  to	  
detector.	  	  This	  point	  is	  validated	  by	  the	  fact	  that	  (1)	  the	  neutrals	  have	  energies	  greater	  than	  1	  
keV,	   and	   (2)	   all	   collisional/radiative	   recombination	   processes	   involve	   the	   need	   for	   dense	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electron	   or	   ion	   concentrations.	   	   The	   first	   fact	   is	   validated	   because	   neutral	   species	   have	   no	  
charge	   to	   be	   largely	   accelerated	   by	   the	   coulomb	   expansion.	   	   They	  must	   be	   the	   remnants	   of	  
neutralized	  energetic	  ion	  species.	  	  The	  second	  fact	  stands	  because	  the	  plasma	  expands	  with	  the	  
electrons	   having	   higher	  mobility,	   as	   described	   in	   the	   theory	   for	   the	   evolution	   of	   the	   plasma,	  
ions	  will	   largely	  not	  be	  present	  within	  the	  expansion	  field	  while	  electrons	  are	  still	   there.	   	  This	  
consequently	  reduces	  the	  effective	  electron	  density	  near	  the	  ions	  and	  makes	  such	  processes	  as	  
three-­‐body	  collisions	  and	  radiative	  recombination	  nearly	  impossible	  to	  take	  place	  outside	  of	  the	  
dense	  plasma.	  	  As	  such,	  in	  the	  case	  of	  investigating	  the	  effect	  of	  buffer	  gas	  on	  the	  charged	  and	  
neutral	   flux	   measurements,	   as	   will	   be	   shown	   in	   the	   upcoming	   results	   section,	   it	   should	   be	  
evident	  that	  no	  observed	  decrease	  in	  ion	  flux	  should	  result	  in	  an	  increase	  in	  neutral	  flux.	  	  Quite	  
simply,	   the	   buffer	   gas	   is	   unable	   to	   provide	   the	   charge	   exchange	   environment	   required	   to	  
promote	  recombination	  of	  energetic	  ion	  species.	  	  It	  should	  also	  be	  noted	  that	  the	  predominant	  
recombination	  process	  involved	  the	  de-­‐ionization	  of	  Xe1+	  ions	  and	  as	  such	  when	  observing	  the	  
energy	  spectrum	  of	  the	  Xeo	  flux,	  it	  should	  be	  more	  closely	  related	  to	  the	  ion	  energies	  of	  the	  Xe1+	  
species	  rather	  than	  the	  highly	  ionized	  10+	  species.	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CHAPTER	  5	  
RESULTS	  AND	  DISCUSSION	  
5.1	  Introduction	  
	   In	  order	  to	  provide	  evidence	  to	  the	  successful	  development	  of	  a	  neutral	  detector,	  three	  
different	  varieties	  of	  EUV	  sources	  were	  investigated.	  	  For	  each	  of	  these	  sources	  an	  ion	  energy	  
spectrum	  as	  well	  as	  a	  neutral	  energy	  spectrum	  was	  obtained.	  	  The	  reason	  that	  the	  ion	  detector	  
measurements	  are	  included	  in	  this	  thesis	  on	  neutral	  debris	  measurements	  is	  the	  fact	  that	  this	  
detector	  sheds	  a	  great	  deal	  of	  light	  into	  what	  is	  being	  observed	  with	  the	  neutral	  detector.	  	  The	  
ability	   to	   identify	   specific	   ion	   species,	   and	   their	   relative	   abundance,	   allows	   for	   the	   general	  
approximation	  that	  only	  one	  majority	  species	  is	  incident	  on	  the	  neutral	  detector.	  	  Because	  the	  
neutral	   detector	   does	   not	   have	   the	   ability	   to	   isolate	   a	   certain	   E/q	   ratio,	   or	   a	   certain	   mass	  
species,	   it	   is	   only	   capable	   of	   measuring	   systems	   that	   are	   relatively	   simple.	   	   Despite	   that	  
limitation,	   the	   results	   that	   will	   be	   presented	   show	   that	   this	   limitation	   isn’t	   entirely	   relevant	  
based	  on	  the	  fact	  that	  only	  a	  few	  species	  are	  ever	  used	  in	  the	  process	  of	  developing	  EUV.	  	  The	  
validation	  of	  this	  statement	  is	  evident	  when	  the	  total	  flux	  measured	  by	  the	  neutral	  detector	  is	  
subtracted	  by	  the	  neutral	  flux.	  	  The	  mathematical	  result	  is	  an	  approximation	  of	  the	  ion	  flux	  that	  
is	  observed	  with	   the	   ion	  detector	  and	  allows	   for	   a	  direct	   comparison	  of	   the	  neutral	  detector	  
with	  an	  already	  proven	  detector.	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5.2	  XTREME	  XTS	  13-­‐35	  Debris	  Measurements	  	  	  	  
	   In	  sections	  5.2.1-­‐5.2.3,	  experimental	  measurements	  of	  EUV	  power,	  ion	  flux,	  and	  neutral	  
flux	  will	  be	  presented.	   	  These	   results	  detail	   the	  effects	  of	  using	  buffer	  gas	   to	  mitigate	  debris.	  	  
For	  each	  experiment	  the	  foil	  trap	  was	  in	  place,	  and	  all	  data	  were	  taken	  from	  the	  25o	  port	  on	  the	  
XCEED	  chamber.	   	  The	  pinch	  was	  operated	  at	  250	  Hz	  with	  data	  acquisitions	  taken	  over	  a	   two-­‐
minute	  period.	   	  The	  neutral	  and	  ESA	  detectors	  were	  placed	  1.93	  m	  away	  from	  the	  pinch,	  and	  
the	  photodiode	  was	  located	  0.92	  m	  away	  from	  the	  pinch.	  	  The	  photodiode	  EUV	  measurements	  
are	  presented,	  as	  a	  function	  of	  Ar	  buffer	  gas	  flow	  rate,	  from	  0	  sccm	  to	  400	  sccm.	  A	  great	  deal	  of	  
emphasis	  will	  not	  be	  placed	  on	  the	  ion	  flux	  as	  it	  is	  beyond	  the	  scope	  of	  the	  thesis.	  	  The	  data	  that	  
will	  be	  presented	  serve	  only	  to	  verify	  the	  abilities	  of	  the	  neutral	  detector	  to	  accurately	  measure	  
the	  energetic	  flux	  emitted	  from	  the	  XTS	  13-­‐35.	  	  
	  
5.2.1	  EUV	  power	  measurements	  
	   As	   mentioned	   in	   section	   3.7.1,	   the	   EUV	   photodiode	   attached	   to	   the	   XTS	   13-­‐35	   EUV	  
source	   allows	   for	   a	   quantitative	   measurement	   of	   the	   effect	   debris	   mitigation	   has	   on	   the	  
production	  of	  EUV	  light.	   	  The	  results	   in	  figure	  5.1	  show	  that	  by	   increasing	  the	  buffer	  gas	  flow	  
rate	  from	  0	  sccm	  to	  400	  sccm	  there	  is	  actually	  an	  increase	  in	  EUV	  output	  of	  nearly	  31%.	  	  These	  
results	  are	  scaled	  to	  1000	  Hz	  operation,	  which	  is	  the	  maximum	  operation	  frequency	  of	  the	  EUV	  
source.	  	  Although	  the	  XTS	  13-­‐35	  source	  is	  advertised	  to	  output	  35	  W	  in	  2π	  sr,	  usage	  of	  the	  foil	  
trap	  over	  time	  caused	  severe	  degradation	  of	  the	  channels	  that	  are	  supposed	  to	  allow	  light	  to	  
travel	  freely.	  	  This	  degradation	  is	  manifested	  in	  the	  bowing	  and	  removal	  of	  the	  innermost	  part	  
of	  the	  channel,	  which	  obscures	  the	  transport	  of	  light	  and	  debris.	  	  The	  increase	  in	  power	  output	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has	  to	  do	  with	  additional	  pressure	  created	  in	  front	  of	  the	  pinch	  area.	  	  This	  additional	  pressure	  
better	  confines	  Xe	  gas	  within	  the	  pinch,	  and	  consequently	   increases	  the	  confinement.	   	  Better	  
confinement	  of	  Xe	  within	  the	  pinch	  allows	  for	  more	  of	  the	  gas	  to	  become	  ionized	  and	  increased	  
the	  power	  output	  of	  the	  source.	  	  Initially	  it	  was	  believed	  that	  increasing	  the	  buffer	  gas	  flow	  rate	  
would	  also	  decrease	   the	  amount	  of	  EUV	  transmission	  due	   to	  absorption	  within	   the	  gas.	   	  This	  
line	  of	   reasoning	  stems	  from	  the	  fact	   that	   increasing	  buffer	  gas	   flow	  rate	  should	   increase	  the	  
cross	  section	  of	  absorption.	  In	  reality,	  however,	  even	  if	  the	  pressure	  is	  assumed	  to	  be	  10	  mTorr,	  
99.8%	   of	   the	   EUV	   developed	   will	   be	   transmitted	   the	   0.72	   m	   between	   the	   source	   and	   the	  
photodiode	  [94].	  
	  
	  
Figure	  5.1:	  The	  measured	  absolute	  EUV	  power	  is	  shown	  as	  a	  function	  of	  buffer	  gas	  flow	  rate	  with	  the	  foil	  trap	  in	  
place.	  	  The	  power	  remains	  relatively	  the	  same	  with	  a	  slight	  increase	  being	  observed	  as	  buffer	  gas	  is	  increased.	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5.2.2	  ESA	  measurements	  
	   For	  the	  purpose	  of	  validating	  the	  neutral	  detector	  data	  that	  will	  soon	  be	  presented,	  it	  is	  
necessary	  to	  understand	  what	  sort	  of	   ion	  spectra	   is	  being	  observed.	   	  As	  can	  be	  seen	  in	  figure	  
5.1,	  the	  predominant	  species	  observed	  is	  Xe+.	  	  Taking	  careful	  note	  of	  the	  axis,	  the	  Xe+	  flux	  is	  an	  
order	  of	  magnitude	  larger	  than	  any	  other	  species	  being	  observed.	  	  The	  second	  largest	  amount	  
of	  flux	  belongs	  to	  the	  Xe2+	  species.	  	  From	  these	  data	  we	  can	  validate,	  for	  the	  purpose	  of	  neutral	  
data	  analysis,	  that	  Xe	  is	  clearly	  the	  predominant	  species	  to	  expect	  when	  measuring	  neutral	  flux.	  	  
The	   second	   feature	   of	   this	   data	   to	   notice,	   is	   that	   the	   peak	   energy	   of	   the	   ion	   flux	   is	   roughly	  
around	  14	  keV	  with	  the	  maximum	  Xe+	  flux	  being	  4100	  ±	  400	  ions/cm2-­‐pulse-­‐eV.	  	  The	  last	  thing	  
to	  notice	  about	   this	   figure	   is	   the	  Xe2+	   shape,	  which	  suggests	   that	   the	  energy	  spectrum	  of	   the	  
ions	   extends	   to	   nearly	   30	   keV.	   	   It	   should	   be	   noted	   that	   the	   reason	   the	   2+	   data	   have	   the	  
additional	  energy	  spectrum	  is	  because	  the	  ESA	  is	  capable	  of	   isolating	  a	  maximum	  E/q	  ratio	  of	  
14.	   	   If	  the	  charge	  is	  doubled,	  the	  measureable	  energy	  is	  doubled	  as	  well,	  thus	  the	  reason	  it	   is	  
possible	  to	  see	  2+	  ions	  out	  to	  28	  keV.	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Figure	  5.2:	  The	  measured	  ion	  energy	  spectrum	  from	  the	  ESA	  is	  presented.	  	  Five	  different	  species	  were	  observed:	  
Xe+,	  Xe2+,	  Mo+,	  W+,	  and	  Ar+.	  	  The	  predominant	  species	  is	  Xe+	  and	  is	  plotted	  based	  on	  the	  measurements	  on	  the	  
left	  side	  of	  the	  graph.	  	  All	  other	  species	  fluxes	  are	  presented	  on	  the	  right	  hand	  side	  of	  the	  graph.	  
	  
5.2.3	  Neutral	  detector	  measurements	  
	   The	  neutral	  detector	  provides	  greater	   insight	   into	  the	  effects	  of	  debris	  mitigation	  than	  
the	  ESA	  in	  that	  it	  provides	  not	  only	  the	  neutral	  flux	  coming	  from	  the	  EUV	  source,	  but	  also	  has	  
the	  ability	  to	  measure	  the	  total	  and	  ion	  flux	  as	  well.	  	  This	  advantage	  is	  of	  course	  hindered	  by	  the	  
fact	  that	  it	  is	  more	  difficult	  to	  exactly	  know	  what	  species	  are	  being	  observed,	  but	  for	  the	  simple	  
situation	   of	   the	   XTS	   13-­‐35	   source	   this	   is	   not	   an	   issue.	   	  While	   buffer	   gas	   is	   present	   in	   these	  
measurements,	  it	  is	  typically	  not	  found	  in	  large	  quantities	  at	  high	  energies	  as	  is	  shown	  in	  the	  ion	  
debris	  measurements.	   	  The	  reason	  these	  Ar	  atoms	  do	  not	  obtain	   large	  energies	   is	  due	  to	   the	  
fact	   that	   they	   are	   not	   directly	   present	   within	   the	   pinch	   and	   are	   typically	   not	   accelerated	   as	  
largely	  as	  the	  Xe	  atoms.	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   The	   initial	  measurement	  of	   the	  neutral	   spectrum,	  as	   shown	   in	   figure	  5.3,	   immediately	  
reveals	   the	   importance	   of	   considering	   neutral	   species	   when	   examining	   debris	   mitigation	  
techniques.	  	  As	  is	  observed	  in	  this	  figure,	  the	  neutral	  flux	  peaks	  at	  energy	  of	  approximately	  12.5	  
keV	  with	  a	  flux	  of	  nearly	  8400	  ±	  806	  neutrals/cm2-­‐eV-­‐pulse.	  	  This	  is	  a	  factor	  of	  25	  times	  larger	  
than	  the	  flux	  observed	  at	  the	  peak	  ion	  flux,	  which	  occurs	  at	  14.5	  keV.	   	  The	  difference	  in	  peak	  
energy	  locations	  is	  a	  consequence	  of	  the	  fact	  that	  highly	  energetic	  neutral	  species	  are	  a	  product	  
of	  once	  highly	  energetic	   ion	  species	  that	  have	  undergone	  charge	  transfer	  collisions	  within	  the	  
initial	  development	  of	   the	  EUV	  plasma.	   	  As	  mentioned	   in	   the	   theoretical	   section,	   the	  highest	  
likely	  species	  to	  exist	  before	  becoming	  a	  neutral	  xenon	  atom	  is	  the	  1+	  state.	  	  Since	  1+	  ions	  are	  
less	  accelerated	  in	  the	  plasma	  than	  the	  higher	  ionization	  states,	  the	  coulomb	  expansion	  cannot	  
accelerate	   these	   ions	   as	   much.	   	   As	   such	   the	   generic	   ion	   peak	   will	   have	   higher	   peak	   energy	  
because	  it	   is	  composed	  of	  more	  than	  1+	  ions.	   	  Furthermore,	  because	  the	  neutrals	  are	  formed	  
within	  the	  plasma,	  they	  will	  not	  be	  accelerated	  for	  as	  long	  a	  period	  as	  the	  ions,	  which	  are	  still	  
being	  pulled	  by	  the	  electron	  expansion	  as	  the	  plasma	  decompresses.	  	  The	  peak	  observed	  below	  
5	   keV	   is	   likely	   a	  measurement	   of	   the	   low	   energy	   species	   that	   are	   secondarily	   ionized	   in	   the	  
charge	  transfer	  processes	  ongoing	  near	  the	  pinch.	  	  It	  is	  also	  likely	  that	  any	  sputtered	  species	  will	  
be	   located	   within	   this	   peak	   as	   well.	   	   The	   mathematical	   ion	   curve	   (which	   is	   simply	   the	  
subtraction	  of	  the	  total	  flux	  and	  the	  neutral	  flux)	  corresponds	  well	  with	  the	  observed	  ion	  peak	  
from	  the	  ESA.	  	  Both	  curves	  presumably	  peak	  at	  14.5	  keV	  (if	  one	  is	  to	  assume	  the	  1+	  ion	  curve	  
exhibits	   similar	   behavior	   to	   the	   2+	   curve)	   and	   the	   flux	   measurement	   are	   within	   a	   factor	   of	  
approximately	  1.5,	  thus	  it	  is	  easy	  to	  assume	  that	  any	  difference	  observed	  is	  a	  result	  of	  variation	  
within	   the	   pinch	   operation	   between	   experiments.	   	   Nevertheless,	   this	   correspondence	   bears	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weight	   to	   the	   fact	   that	   the	   neutral	   flux,	   at	   0	   sccm	   of	   Ar	   buffer	   gas	   flow	   rate,	   constitutes	   a	  
considerable	  amount	  of	  the	  total	  flux	  observed.	  	  	  
	  
	  
Figure	  5.3:	  The	  measured	  total	  flux,	  neutral	  flux,	  and	  mathematically	  subtraction	  ion	  flux	  is	  shown	  for	  0	  sccm	  of	  
buffer	   gas.	   	   The	  measurement	  was	   taken	   1.93	  m	   from	   the	   EUV	   source.	   	   Neutral	   flux	   is	   shown	   to	   be	   a	   large	  
portion	  of	  the	  total	  measured	  flux.	  Not	  shown,	  for	  visual	  clarity,	  are	  the	  9.6%	  error	  bars.	  
	  
	   When	  the	  buffer	  gas	  flow	  rate	  is	  increased	  to	  200	  sccm,	  the	  peak	  neutral	  flux	  is	  radically	  
reduced	  by	  a	  factor	  of	  two	  and	  the	  peak	  energy	  is	  shifted	  slightly	  to	  a	  lower	  energy.	  	  Of	  interest	  
in	   figure	   5.4	   is	   the	   fact	   that	   the	   ion	   spectrum	   is	   only	   marginally	   reduced,	   and	   very	   little	  
difference	   is	  made	   in	   its	  peak	  energy.	  Clearly	  the	   increase	   in	  buffer	  gas	  has	  a	   larger	  effect	  on	  
the	  more	  populace	  neutral	  species,	  and	  acts	  as	  a	  barrier	  that	  prevents	  the	  debris	  from	  reaching	  
the	  detector.	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Figure	  5.4:	  The	  measured	  total	  flux,	  neutral	  flux,	  and	  mathematically	  subtraction	  ion	  flux	  is	  shown	  for	  200	  sccm	  
of	   buffer	   gas.	   	   The	   measurement	   was	   taken	   1.93	   m	   from	   the	   EUV	   source.	   	   Increasing	   buffer	   gas	   flow	   rate	  
decreased	  the	  peak	  energy	  of	  the	  neutral	  flux,	  and	  reduced	  its	  total	  flux.	  	  Not	  shown,	  for	  visual	  clarity,	  are	  the	  
9.6%	  error	  bars.	  
	  
	   A	  further	  increase	  from	  200	  sccm	  to	  400	  sccm	  decreases	  the	  neutral	  flux	  by	  a	  factor	  of	  
three	  down	   to	   approximately	   1200	  ±	   115	  neutrals/cm2-­‐eV-­‐pulse.	   	   The	  peak	   energy	   is	   further	  
reduced	  down	  to	  10.5	  keV.	   	  The	  most	   interesting	   feature	  of	   figure	  5.5	   is	   the	   fact	   that	  at	  400	  
sccm	  the	  neutral	  flux	  is	  everywhere	  lower	  than	  the	  ion	  flux.	  	  Furthermore,	  while	  the	  entire	  ion	  
flux	  signal	  is	  reduced,	  it	  still	  maintains	  the	  15	  keV	  peak	  energy	  value.	  	  This	  suggests	  that	  the	  ions	  
are	  not	  undergoing	  collisions	  with	  the	  buffer	  gas.	   	  This	  adheres	  to	  suggestion	  that	  even	  small	  
scattering	   angles	   within	   the	   foil	   trap	   cause	   the	   ions	   to	   extinguish	   against	   the	   walls	   of	   the	  
channels.	   	   If	   the	  effectiveness	  of	  buffer	  gas	  were	  to	  allow	   interspecies	  charge	  recombination,	  
the	   peak	   ion	   energy	   would	   collapse	   to	   lower	   energies	   and	   there	   would	   be	   an	   observable	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increase	   in	   neutral	   species.	   	   This	   is	   however	   not	   observed,	   thus	   correlating	   to	   the	   fact	   that	  
charge	  recombination	  does	  not	  occur	  in	  the	  buffer	  gas	  region	  where	  the	  electron	  density	  is	  too	  
low	  for	  the	  recombination	  reactions	  to	  occur.	  
	  
	  
Figure	  5.5:	  The	  measured	  total	  flux,	  neutral	  flux,	  and	  mathematically	  subtraction	  ion	  flux	  is	  shown	  for	  400	  sccm	  
of	   buffer	   gas.	   	   The	   measurement	   was	   taken	   1.93	   m	   from	   the	   EUV	   source.	   Increasing	   buffer	   gas	   flow	   rate	  
decreased	  the	  peak	  energy	  of	  the	  neutral	  flux,	  and	  reduced	  its	  total	  flux.	  	  Not	  shown,	  for	  visual	  clarity,	  are	  the	  
9.6%	  error	  bars.	  
	  
	   Increasing	  the	  buffer	  gas	   flow	  rate	   from	  400	  sccm	  to	  600	  sccm	  drastically	   reduces	  not	  
only	  the	  flux	  observed	  for	  both	  ion	  and	  neutral	  species,	  but	  also	  reduces	  the	  peak	  ion	  energy	  by	  
nearly	   a	   factor	   of	   two	   from	   14.5	   to	   7.5	   keV.	   	   The	   total	   flux	   reduction,	   at	   the	   peak	   energy	  
location,	  in	  adding	  600	  sccm	  of	  Ar	  buffer	  gas	  to	  the	  system	  is	  a	  factor	  of	  10	  from	  11000	  ±	  1056	  
to	  1100	  ±	  111	  species/cm2-­‐pulse-­‐eV.	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Figure	  5.6:	  The	  measured	  total	  flux,	  neutral	  flux,	  and	  mathematically	  subtracted	  ion	  flux	  is	  shown	  for	  600	  sccm	  
of	   buffer	   gas.	   	   The	   measurement	   was	   taken	   1.93	   m	   from	   the	   EUV	   source.	   Increasing	   buffer	   gas	   flow	   rate	  
decreased	  the	  peak	  energy	  of	  the	  neutral	  flux,	  and	  reduced	  its	  total	  flux.	  	  Not	  shown,	  for	  visual	  clarity,	  are	  the	  
9.6%	  error	  bars.	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  The	   following	   three	   figures	   (figs.	   5.7-­‐5.9)	   represent	   the	   above	   data	   in	   a	   direct	  
representation	  of	  the	  effects	  of	  buffer	  gas	  on	  total,	  neutral,	  and	  ion	  flux.	  Examination	  of	  these	  
figures	  more	   clearly	   reveals	   the	   attenuation	   of	   the	   peak	   energies	   observed	   for	   the	   total	   and	  
neutral	   fluxes.	   	   It	   is	   readily	  evident	   that	  before	  600	  sccm,	   there	  was	  a	  marginal	  effect	  on	   the	  
energy	  spectrum	  of	  the	  charged	  species	  outside	  of	  the	  fact	  that	  the	  total	  flux	  was	  reduced.	  	  It	  is	  
also	  more	  evident	   in	   figure	  5.8	   that	  buffer	  gas	   is	  more	  effective	  at	  mitigating	  neutral	   species	  
than	  charged	  species.	   	  This	  may	  be	  a	  consequence	  of	  the	  fact	  that	  there	  were	  more	  observed	  
neutral	  species	  to	  mitigate.	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Figure	  5.7:	  The	  measured	  total	  flux	  for	  various	  buffer	  gas	  flow	  rates.	  	  The	  measurement	  was	  taken	  1.93	  m	  from	  
the	  EUV	  source.	  	  Not	  shown,	  for	  visual	  clarity,	  are	  the	  9.6%	  error	  bars.	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Figure	  5.8:	  The	  measured	  neutral	   flux	   for	  various	  buffer	  gas	   flow	   rates.	   	   The	  measurement	  was	   taken	  1.93	  m	  
from	  the	  EUV	  source.	  	  Not	  shown,	  for	  visual	  clarity,	  are	  the	  9.6%	  error	  bars.	  
	  
	  
95	  
	  
	  
Figure	   5.9:	   The	  mathematically	   subtracted	   ion	   flux	   for	   various	   buffer	   gas	   flow	   rates.	   	   The	  measurement	  was	  
taken	  1.93	  m	  from	  the	  EUV	  source.	  	  Not	  shown,	  for	  visual	  clarity,	  are	  the	  9.6%	  error	  bars.	  
	  	  
	   Ultimately,	  the	  analysis	  of	  the	  XTS	  13-­‐35	  Xe-­‐fueled	  source	  revealed	  that	  neutral	  species	  
compose	  a	  much	  larger	  percentage	  of	  damaging	  energetic	  flux	  than	  originally	  hypothesized.	  	  It	  
was	  shown	  that	  with	  no	  buffer	  gas	   flowing,	   the	  neutral	   flux	  at	  14.5	  keV	  accounted	   for	  nearly	  
60%	   of	   the	   total	   flux	   observed.	   	   At	   lower	   energies	   between	   5	   and	   10	   keV,	   this	   percentage	  
increased	  to	  nearly	  90%.	  	  By	  increasing	  the	  buffer	  gas	  flow	  rate	  the	  ratio	  of	  neutral	  flux	  to	  ion	  
flux	  approximately	  20%	  with	  each	  200	  sccm	  increase	  in	  buffer	  gas	  flow	  rate	  until	  the	  maximum	  
600	  sccm	  was	  reached.	  	  Above	  17	  keV,	  with	  any	  Ar	  buffer	  gas	  being	  used,	  the	  neutral	  flux	  was	  
less	   than	   half	   of	   the	   total	   flux.	   	   The	   observation	   that	   neutral	   species	   typically	   have	   lower	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energies,	  and	  that	  they	  constitute	  a	  larger	  percentage	  of	  the	  total	  low	  energy	  flux	  is	  a	  result	  of	  
the	   fact	   that	   energetic	   neutral	   species	   are	   a	   consequence	   of	   recombination	   of	   only	   the	   low	  
ionization	  states	  of	  Xe.	  	  Because	  these	  low	  ionization	  states	  are	  not	  as	  largely	  accelerated	  in	  the	  
dense	   plasma	   potential,	   they	   will	   be	   less	   energy	   that	   the	   q=2 →	   10	   states.	   	   Because	   these	  
higher	  ionization	  states	  do	  not	  directly	  lead	  to	  the	  production	  of	  neutral	  species,	  the	  energy	  of	  
neutral	  species	  flux	  is	  expected	  to	  be	  lower	  than	  the	  total	  ionization	  flux.	  	  It	  was	  also	  observed,	  
however,	   that	   increasing	   the	  buffer	   gas	   flow	   rate	   to	  high	  enough	  values	   reduced	   the	  neutral	  
flux	  to	  the	  point	  that	  it	  was	  not	  a	  predominant	  factor	  in	  the	  total	  flux	  reaching	  the	  detector,	  and	  
as	  such	  it	   is	  readily	  believe	  that	  buffer	  gas	  is	  an	  effective	  method	  at	  reducing	  the	  transport	  of	  
energetic	   neutrals	   to	   the	   collector	   optics.	   	   The	   higher	   energies	   of	   the	   ions	  makes	   them	   less	  
likely	  to	  scatter	  in	  a	  given	  distance,	  and	  as	  such	  the	  ions	  are	  not	  as	  largely	  altered	  by	  the	  buffer	  
gas	  as	  the	  neutral	  species	  are.	  	  The	  reduction	  in	  peak	  energy	  can	  be	  explained	  fundamentally	  by	  
imagining	   a	   fast	   moving	   crowd	   of	   runners	   colliding	   with	   a	   crowd	   of	   people	   standing	   still.	  	  
Because	  the	  faster	  runners	  are	  at	  the	  head	  of	  the	  pack,	  they	  are	  the	  species	  that	  will	  undertake	  
the	  largest	  amount	  of	  collisions.	  	  In	  effect	  the	  more	  energetic	  runners	  (or	  neutral/ion	  species)	  
bear	   the	   burden	   of	   the	   buffer	   gas	   and	   clear	   the	  way	   for	   the	   less	   energetic	   species	   to	   travel	  
forward.	  	  The	  buffer	  gas	  is	  relatively	  thick	  however,	  and	  as	  such	  all	  species	  are	  reduced	  in	  total	  
flux,	   though	   the	   more	   energetic	   neutral	   species	   are	   much	   more	   widely	   reduced.	   	   These	  
energetic	   neutrals	   are	   also	   travelling	   at	   similar	   velocities	   to	   the	   energetic	   ions,	  which	   allows	  
their	  buffer	  gas	  clearing	  effect	  to	  reduce	  the	  reduction	  in	  ion	  peak	  flux.	  	  The	  fact	  that	  as	  ion	  flux	  
decreases,	  neutral	  flux	  does	  not	  increase,	  adheres	  to	  the	  suggestions	  in	  the	  theory	  section	  that	  
ion-­‐electron	  recombination	  will	  not	  occur	  within	  the	  buffer	  gas	  region.	   	  All	   things	  considered,	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these	  results	  reveal	  that	  neutral	  species	  are	  a	  more	  important	  factor,	  when	  considering	  debris	  
mitigation	  effectiveness,	  than	  charged	  species.	  
	  
5.3	  Laser	  Ablation	  Sn-­‐Fueled	  Modified	  XTS	  13-­‐35	  Source	  
	   As	  stated	  in	  section	  2.5,	  the	  XTS	  13-­‐35	  source	  was	  modified	  to	  allow	  the	  use	  of	  Sn	  as	  the	  
predominant	   EUV	   fuel	   to	  mimic	   industry	   standards.	   	   Using	   N2	   as	   the	   pinch	   gas	   considerably	  
alters	  the	  way	  in	  which	  the	  pinch	  operates.	  	  Furthermore,	  for	  these	  experiments,	  the	  pinch	  was	  
operated	  no	  higher	   than	  20	  Hz	   in	   any	   given	  period	  of	   time	   to	  prevent	   the	  melting	  of	   the	   Sn	  
electrode.	  	  Similar	  to	  the	  experiment	  performed	  in	  section	  4.1,	  the	  detector	  was	  located	  1.93	  m	  
away	   from	   the	   pinch,	   and	   the	   photodiode	  was	   located	   0.92	  m	   away	   from	   the	   pinch	   as	  well.	  	  
Unlike	  the	  previous	  experiment	  however,	  no	  mitigation	  schemes	  (including	  the	  foil	  trap)	  were	  
used.	   	   The	   following	   results	   will	   show	   that	   the	   N2	   gas	   is	   the	   predominant	   energetic	   species	  
assumed	  to	  be	  the	  only	  observed	  species	  with	  the	  neutral	  detector.	  	  
	  
5.3.1	  EUV	  power	  measurements	  
	   In	  order	  to	  adequately	  prove	  that	  the	  modifications	  to	  the	  XTS	  13-­‐35	  were	  successful,	  a	  
series	   of	   EUV	   power	  measurements	   were	   performed.	   	   The	   power	  measurements	   show	   that	  
indeed	   using	   the	   Sn	   electrode	   with	   only	   N2	   gas	   it	   was	   possible	   to	   create	   EUV	   light.	   	   Four	  
different	  variations	  in	  pinch	  operation	  were	  observed:	  Xe	  pinch	  gas	  with	  and	  without	  the	  use	  of	  
the	  laser,	  and	  N2	  fuel	  gas	  with	  and	  without	  the	  laser.	  	  Clearly	  using	  Xe	  as	  the	  fuel	  gas	  results	  in	  a	  
larger	  EUV	  light	  output	  as	  two	  different	  EUV	  light	  producing	  fuels	   is	  better	  than	  only	  one.	   	  By	  
using	  only	  nitrogen	  and	   the	   Sn	  electrode	   it	  was	  observed	   that	  1.2	  ±	  0.1	  W	   in	  2π	   sr	   could	  be	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created.	  	  By	  incorporating	  laser	  ablation	  into	  the	  setup	  this	  value	  could	  nearly	  be	  double	  to	  2.3	  
+/1	   0.2	  W.	   	   These	   results	   thus	   verify	   the	   effectiveness	   of	   not	   only	   the	   Sn	   electrode,	   but	   the	  
assistance	  of	  the	  laser	  in	  introducing	  more	  species	  into	  the	  z-­‐pinch.	  	  	  
	  
	  
Figure	   5.10:	   The	   EUV	   power	   measurements	   of	   the	   modified	   Sn-­‐fueled	   XTS	   13-­‐35	   source	   are	   shown.	   	   The	  
measurement	  was	  taken	  0.72	  m	  from	  the	  EUV	  source.	  	  Two	  different	  gasses	  are	  shown	  for	  creating	  the	  pinch:	  Xe	  
and	  N2.	  	  Xe	  itself	  is	  an	  EUV	  emitter	  thus	  the	  increase	  in	  observed	  EUV	  power.	  	  Not	  shown,	  for	  visual	  clarity,	  are	  
the	  8.7%	  error	  bars.	  
	  
5.3.2	  ESA	  measurements	  
	   The	  ion	  debris	  measurements	  below	  show	  the	  effects	  of	  laser	  ablation	  on	  the	  energetic	  
ion	  spectrum.	  	  The	  three	  predominant	  species	  observed	  are	  N+,	  N2
+,	  and	  N2+.	  	  Although	  the	  Sn	  
ion	  species	  are	  on	  relatively	  the	  same	  scale,	  for	  the	  purpose	  of	  the	  neutral	  detector	  it	  was	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determined	  that	  all	  species	  should	  be	  assumed	  to	  be	  N2.	  	  Although	  the	  ion	  data	  do	  not	  readily	  
lend	  to	  this	  decision,	  after	  analyzing	  the	  neutral	  data,	  the	  results	  best	  fit	  the	  chosen	  
assumption.	  	  Logically	  it	  is	  clear	  that	  nitrogen	  is	  a	  majority	  species	  within	  the	  chamber,	  and	  the	  
fact	  that	  nitrogen	  has	  such	  an	  affinity	  for	  its	  dimer	  species	  in	  its	  lowest	  energy	  state,	  it	  is	  highly	  
plausible	  that	  the	  majority	  of	  the	  neutral	  species	  observed	  would	  be	  of	  the	  basic	  gas	  state.	  	  The	  
ion	  energy	  spectrum	  itself	  is	  interesting	  in	  light	  of	  the	  fact	  that	  there	  are	  no	  evident	  peaks	  for	  
any	  of	  the	  species.	  
	  
	  
Figure	  5.11:	  The	  ion	  energy	  spectrum	  of	  the	  modified	  Sn-­‐fueled	  XTS	  13-­‐35	  source	  is	  shown.	  	  The	  measurement	  
was	  taken	  1.93	  m	  from	  the	  EUV	  source.	  	  Though	  plotted,	  the	  error	  bars	  of	  9.6%	  are	  within	  the	  icons.	  
	  
5.3.3	  Neutral	  detector	  measurements	  
	   Although	  the	  ion	  debris	  spectra	  does	  not	  clearly	  reveal	  a	  predominant	  species,	  post-­‐situ	  
analysis	   of	   the	   neutral	   detector	   data	   determined	   that	   N2	   was	   the	   only	   species	   that	   would	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logically	   fit.	   	   Calculating	   the	  mathematical	   ion	   flux	   revealed	   that	   if	   Sn	   or	   atomic	   N	  were	   the	  
chosen	  species,	  the	  resulting	  ion	  flux	  nowhere	  near	  fit	  the	  results	  observed	  with	  the	  ion	  energy	  
spectrum	   obtained	   with	   the	   ESA.	   	   One	   particular	   disadvantage	   of	   using	   a	   detector	   that	   is	  
directly	  exposed	  to	  the	  pinch	  is	  the	  fact	  that	   it	   is	  sensitive	  to	  noise	  signals.	   	  Unfortunately	  for	  
the	  purpose	  of	  this	  experiment,	  measuring	  a	  low	  mass	  species	  such	  as	  nitrogen	  often	  results	  in	  
higher	  energy	   facets	  of	   the	   spectrum	  being	   located	  within	   the	  noise	   signals	  produced	  by	   the	  
discharging	  of	   the	  capacitor	   to	  create	   the	  EUV	   light.	   	  These	  results	  are	  no	  exception,	  and	  the	  
only	   viable	   data	   existed	   from	   0-­‐5	   keV.	   Figures	   5.12	   and	   5.13	   show	   the	   resulting	   low	   energy	  
spectrum	  of	  the	  neutral,	  ion,	  and	  total	  flux	  as	  observed	  with	  the	  neutral	  detector.	  
	  
	  
Figure	  5.12:	   The	   total,	   neutral,	   and	   subtracted	   ion	   flux	  of	   the	  modified	  Sn-­‐fueled	  XTS	  13-­‐35	   source	  with	   laser	  
ablation	  is	  shown.	  	  The	  measurement	  was	  taken	  1.93	  m	  from	  the	  EUV	  source.	  	  Not	  shown,	  for	  visual	  clarity,	  are	  
the	  error	  bars	  of	  9.6%.	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Figure	  5.13:	  The	  total,	  neutral,	  and	  subtracted	  ion	  flux	  of	  the	  modified	  Sn-­‐fueled	  XTS	  13-­‐35	  source	  without	  laser	  
ablation	  is	  shown.	  	  The	  measurement	  was	  taken	  1.93	  m	  from	  the	  EUV	  source.	  	  Not	  shown,	  for	  visual	  clarity,	  are	  
the	  error	  bars	  of	  9.6%.	  
	  
	   In	  the	  low	  energy	  regime	  shown,	  it	  is	  evident	  that	  there	  is	  a	  large	  amount	  of	  low	  energy	  
debris,	  which	  corresponds	  well	  to	  the	  low	  energy	  peak	  of	  atomic	  nitrogen.	  	  With	  the	  use	  of	  the	  
laser	  the	  predominate	  flux	  between	  500	  eV	  and	  2	  keV	  is	  notably	  neutral,	  while	  without	  the	  use	  
of	  the	  laser	  this	  flux	  is	  nearly	  equal	  in	  magnitude	  to	  the	  ion	  flux	  observed.	  	  The	  use	  of	  the	  laser	  
causes	  an	  increase	  in	  the	  neutral	  flux	  from	  approximately	  80x103	  ±	  7.7x103	  particles/cm2-­‐pulse-­‐
eV	   to	   100x103	   ±	   9.6x103	   particles/cm2-­‐pulse-­‐eV.	   	   For	   both	   scenarios	   the	   ion	   flux	   is	  
approximately	   100x103	   ±	   4.6	   x103	   ions/cm2-­‐pulse-­‐eV.	   	   These	   results	   correspond	   well	   to	   the	  
measured	   fluxes	  observed	  with	   the	   ion	  energy	   spectrum	  measurements.	   	   It	   is	   clear,	  however	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small	  a	  fraction	  of	  the	  spectrum	  that	   is	  observable,	  that	  energetic	  neutrals	  are	  a	  considerable	  
part	  of	  the	  total	  flux.	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CHAPTER	  6	  
CONCLUSION	  
6.1	  Summary	  
	   As	  the	  semiconductor	  industry	  faces	  the	  realization	  that	  changes	  are	  needed	  in	  order	  to	  
continue	  Moore’s	  law,	  a	  great	  deal	  work	  is	  being	  done	  around	  the	  world	  to	  fill	  the	  void	  that	  will	  
soon	  exist.	  	  Toward	  this	  issue,	  it	  has	  become	  evident	  that	  the	  use	  of	  EUV	  lithography	  is	  almost	  
inevitable.	  	  Yet	  it	  is	  well	  known	  that	  many	  issues	  need	  to	  be	  resolved	  before	  EUV	  technology	  is	  
ready	  for	  high	  volume	  manufacturing.	  	  One	  of	  the	  most	  relevant	  requirements	  for	  high	  volume	  
manufacturing	  is	  the	  ability	  to	  mitigate	  debris	  created	  by	  the	  30	  eV,	  1018	  cm-­‐3	  plasmas	  that	  emit	  
EUV.	  	  Yet	  in	  order	  to	  mitigate	  the	  debris,	  it	  is	  first	  necessary	  to	  be	  able	  to	  measure	  the	  debris	  as	  
it	   is	   being	   ejected	   from	   the	   EUV	   source.	   	  With	   this	   in	  mind,	   the	   Center	   for	   Plasma-­‐Material	  
Interactions	   had	   originally	   developed	   an	   energetic	   ion	   detector	   capable	   of	   providing	   source	  
manufactures	   the	  ability	   to	   characterize	  and	  quantify	   charged	  debris.	   	   It	  was	   readily	  evident,	  
however,	   that	   only	   half	   of	   the	   story	   had	   been	   told.	   	   In	   order	   to	   finish	   the	   story,	   a	   detector	  
capable	  of	  also	  detecting	  energetic	  neutral	  atoms	  was	  also	  needed.	  	  The	  development	  of	  such	  a	  
detector	  was	  detailed	   in	   this	   thesis,	  and	  presented	  as	  a	  novel	  method	   for	  analyzing	   the	   total	  
energetic	  debris	  spectrum	  and	  providing	  a	  method	  by	  which	  to	  investigate	  the	  effects	  of	  debris	  
mitigation.	  
	   	  For	   the	   first	   time,	   an	  XTS	  13-­‐35	  Xe-­‐fueled	  EUV	   source,	   and	  a	  modified	  XTS	  13-­‐35	   Sn-­‐
fueled	  EUV	  source	  were	  analyzed	   for	  neutral	  debris.	   	   In	   the	   initial	  neutral	   flux	  analysis	  of	   the	  
XTS	   13-­‐35	   Xe-­‐fueled	   source,	   an	   investigation	   into	   the	   effects	   of	   debris	   mitigation	   was	  
presented.	  	  It	  was	  shown	  that	  the	  addition	  of	  200,	  400,	  and	  600	  sccm	  of	  Ar	  buffer	  gas	  coupled	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with	   a	   tungsten	   foil	   trap	   lead	   to	   the	   decrease	   in	   neutral	   flux	   of	   52%,	   80%,	   and	   92.3%	  
respectively	  over	  the	  0	  sccm	  scenario.	  	  It	  was	  observed	  that	  without	  any	  buffer	  gas	  mitigation,	  a	  
total	   of	   86000	   ±	   8300	   neutrals/cm2-­‐pulse,	   yet	   with	   full	   mitigation	   in	   place	   only	   6600	   ±	   630	  
neutrals/cm2-­‐pulse	  was	  measured.	   	  The	  effect	  of	  Ar	  gas	  mitigation	  had	  a	   lesser	  effect	  on	   the	  
mitigation	  of	  ions	  decreasing	  by	  7%,	  40%,	  and	  76%	  respectively	  from	  the	  0	  sccm	  flux	  of	  4700	  ±	  
4470	   ions/cm2-­‐pulse.	   	  Furthermore,	   it	  was	  shown	  that	   the	  average	  energy	  of	   the	  neutral	   flux	  
was	  reduced	  with	  increasing	  buffer	  gas.	  	  These	  results	  shed	  light	  onto	  the	  fact	  that	  neutrals	  are	  
indeed	   a	   critical	   component	   of	   the	   non-­‐EUV	   radiation	   flux	   leaving	   the	   plasma.	   	   Yet	   with	  
appropriate	   collisional	  mitigation	   schemes,	   it	   is	   possible	   to	   reduce	   the	   potentially	   dangerous	  
debris	  from	  reaching	  the	  collector	  optics.	   	  The	  second	  investigation	  measured	  the	  neutral	  flux	  
of	   the	   modified	   Sn-­‐fueled	   XTS	   13-­‐35.	   	   Although	   electromagnetic	   noise	   prevented	   the	  
measurement	  of	  higher	  than	  5	  keV	  energies,	  the	  low	  energy	  measurement	  revealed	  that	  nearly	  
equal	   proportions	   of	   neutrals	   and	   ions	  were	   present.	   	   A	   small	   reduction	   of	   neutral	   flux	  was	  
however	  observed	  without	  the	  use	  of	  laser	  ablation.	  
	   In	   order	   to	   completely	   understand	   the	   development	   of	   the	   debris	   being	  measured,	   a	  
self-­‐similar	  solution,	  developed	  by	  Murakami,	  of	  EUV	  plasma	  expansion	  was	  presented.	  	  It	  was	  
shown	  that	   the	  model	  could	  be	  solved	  for	  a	  differential	  energetic	   ion	  count.	   	  Yet	  comparison	  
between	   theory	   and	   model	   revealed	   that	   either	   through	   perturbations	   within	   the	   z-­‐pinch	  
plasma,	  or	  through	  approximations	  incorrectly	  made	  within	  the	  self-­‐similar	  model,	  there	  was	  a	  
disconnect	  between	  the	  two	  approaches.	  	  A	  theoretically	  unexplained	  high-­‐energy	  component	  
of	   ion	   flux	   was	   observed.	   	   Ultimately,	   however,	   the	   insight	   gained	   by	   the	   concept	   that	   the	  
Coulomb	  expansion	  is	  capable	  of	  accelerating	  cold	  ions	  to	  high	  energies	  further	  confirmed	  the	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need	   to	   investigate	   debris	   mitigation.	   The	   ionization	   and	   neutralization	   processes	   were	   also	  
found	  to	  explain	  the	  development	  of	  both	  the	  energetic	  highly	  ionized	  Xe	  species,	  as	  well	  as	  the	  
development	   of	   the	   energetic	   neutral	   flux	   that	   was	   observed	   in	   the	   first	   experimental	  
measurements.	   	   It	   was	   determined	   that	   the	   neutral	   flux	   originates	  within	   the	   dense	   plasma	  
through	  recombination	  effects	  that	  cannot	  occur	  after	  the	  plasma	  has	  expanded	  into	  a	  buffer	  
gas.	   	   These	   energetic	   neutrals	   are	   a	   direct	   result	   of	   the	   recombination	   of	   accelerated	   lowly	  
ionized	  species	  within	  the	  plasma.	  	  The	  direct	  measurement	  of	  energetic	  flux	  neutral	  flux	  also	  
made	  evident	  the	  fact	  that	  in	  considering	  the	  interaction	  between	  expanding	  energetic	  species	  
and	  a	  buffer	  gas	  curtain,	  the	  faster	  species	  are	  more	  likely	  to	  interact	  with	  the	  buffer	  gas	  curtain	  
and	  as	  such	  they	  clear	  the	  way	  for	  lower	  energy	  species	  to	  travel	  through	  the	  buffer	  gas.	  	  Given	  
the	  vast	  size	  and	  density	  of	  the	  buffer	  gas	  curtain	  in	  these	  experiments,	  the	  plow	  effect	  did	  not	  
completely	  allow	  all	  lower	  energy	  species	  to	  be	  transport,	  but	  measurements	  of	  the	  neutral	  flux	  
revealed	  that	  the	  more	  energetic	  species	  are	  more	  likely	  mitigated	  into	  the	  side	  of	  the	  foil	  trap	  
than	  the	  lower	  energy	  species.	  
	   Ultimately,	   the	   importance	   of	   the	   neutral	   detector	   is	   validated	   in	   its	   ability	   to	   help	  
diagnose	   the	   characteristic	   plasma	   debris	   emission	   of	   EUV	   sources.	   	   For	   the	   first	   time,	   the	  
neutral	  detector	  provides	  great	  insight	  into	  areas	  that	  a	  traditional	  ion	  species	  analyzer	  fails	  to	  
observe.	   	   Prior	   to	   the	   development	   of	   this	   neutral	   detector,	   the	   amount	   of	   neutral	   flux	  was	  
unknown.	   	  Furthermore,	   the	   fact	   that	   these	  neutrals	  are	   largely	  of	  keV	   level	  energies	   reveals	  
the	  importance	  for	  neutral	  debris	  mitigation.	  	  Lastly,	  the	  neutral	  detector	  provides	  the	  ability	  to	  
quantitatively	   investigate	   the	  debris	  mitigation	   techniques	  employed	  by	   source	   suppliers.	   	   To	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this	  end,	  the	  neutral	  detector	  proves	  to	  be	  a	  promising	  addition	  to	  the	  multitude	  of	  detectors	  
being	  used	  to	  advance	  EUV	  technology	  to	  a	  point	  of	  viability.	  	  
	  	  
6.2	  Future	  Work	  
	   The	  development	  of	  a	  neutral	  detector	  represents	  just	  the	  tip	  of	  the	  iceberg	  in	  solving	  
the	  problems	  from	  which	  EUV	  suffers.	   	  The	  author	  of	  this	  thesis	  believes	  that	  the	  next	   logical	  
step	  is	  to	  combine	  all	  three	  detectors	  presented	  here	  into	  one	  device.	  	  Currently,	  work	  is	  being	  
done	  to	  develop	  a	  standard	  debris	  characterization	  tool	   that	  consists	  of	  an	  ESA	  and	  a	  neutral	  
detector,	   and	   the	   initial	   steps	   to	   a	   standardized	   analysis	  were	  presented	   in	   this	   thesis	   in	   the	  
form	  of	  the	  ZaP	  experiment.	   	  Unfortunately,	  to	  date,	  a	  EUV	  photodiode	  has	  not	  been	  directly	  
coupled	   with	   the	   detectors	   to	   provide	   one	   tool	   that	   is	   able	   to	   completely	   characterize	   EUV	  
sources.	  	  One	  issue	  that	  has	  become	  evident	  in	  this	  research	  is	  the	  need	  to	  be	  able	  to	  subtract	  
out	   background	   photon	   and	   electromagnetic	   signals	   so	   that	   issues	   with	   photon	   and	   noise	  
signals	   is	   not	   an	   issue	   when	   measuring	   an	   EUV	   source.	   	   It	   is	   also	   possible	   that	   a	   different	  
variation	  of	  neutral	  detector	   could	  be	  used.	   	   Some	  carbon	   films	  currently	  exist	   that	  have	   the	  
ability	  to	  partially	  ionize	  incident	  neutral	  flux	  to	  a	  certain	  percentage,	  thus	  allowing	  energy	  and	  
mass	  characterization	  of	  a	  neutral	   flux	  as	  well.	   	  Ultimately,	   time	  will	   tell	  how	  necessary	  these	  
tools	  will	  be	  as	  the	  deadline	  for	  EUV	  nears	  closer.	  	  	  
	   Further	  developments	  in	  the	  broader	  spectrum	  of	  EUV	  source	  debris	  transport	  are	  also	  
needed	   to	   allow	   the	   high	   volume	   manufacturing	   use	   of	   EUV	   tools.	   	   Even	   with	   all	   of	   the	  
mitigation	   techniques	   fully	   employed,	   debris	   will	   still	   be	   able	   to	   make	   its	   way	   to	   the	  
intermediate	   focus.	   	   As	   such,	   the	   Center	   for	   Plasma-­‐Material	   Interactions	   is	   developing	   a	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detector	   capable	   of	   measuring	   the	   debris	   at	   this	   location.	   	   This	   detector	   will	   enable	   for	  
mitigation	   techniques	   at	   the	   intermediate	   focus	   to	   be	   quantified,	   and	   hopefully	   complete	  
mitigation	  of	  debris	  can	  take	  place	  before	  energetic	  ions	  and	  neutrals	  are	  allowed	  to	  reach	  the	  
critically	  sensitive	  post-­‐collector	  optic	  devices.	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APPENDIX	  A	  
ZaP	  SOURCE	  MEASUREMENTS	  
	  
A.1	  ZaP	  Source	  
	   A	  third	  source	  was	  measured	  using	  the	  neutral	  detector,	  the	  Z	  Axis	  Pinch	  (ZaP),	  as	  a	  part	  
of	   contractual	   obligations	   to	   SEMATECH	   for	   support	   of	   the	   development	   of	   the	   neutral	  
detector.	  	  The	  measurements	  are	  presented	  here	  to	  provide	  an	  example	  of	  the	  flexibility	  of	  the	  
neutral	  detector.	  	  The	  source,	  shown	  schematically	  in	  figure	  A.1,	  was	  located	  at	  the	  University	  
of	  Washington	  in	  Seattle,	  WA,	  and	  was	  originally	  developed	  to	  investigate	  high	  density	  plasma	  
physics,	   but	   was	   later	   found	   to	   produce	   EUV	   as	   well	   with	   the	   addition	   of	   Xe.	   	   In	   order	   to	  
investigate	  the	  possibility	  of	  using	  the	  source	   in	  the	  future,	  SEMATECH	  decided	  to	   investigate	  
the	  energetic	  ion	  and	  neutral	  spectrum	  to	  anticipate	  any	  issues	  with	  debris	  mitigation.	  	  	  	  	  	  
	  
	  
Figure	  A.1:	  A	  model	  schematic	  of	  the	  ZaP	  source	  shows	  the	  electrode	  and	  the	  1	  m	  length	  over	  which	  Xe	  gas	  is	  
pinched	  to	  create	  EUV	  light.	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   One	  of	  the	  unique	  features	  of	  the	  ZaP	  source	  is	  that	  it	  maintains	  a	  linear	  geometry,	  as	  
opposed	  to	  the	  point	  source	  geometry	  of	  other	  sources	  such	  as	  the	  XTS	  13-­‐35.	  At	  the	  time	  of	  
measurement,	   the	   ZaP	   source	   was	   a	   single	   pulse	   source	   capable	   of	   producing	   700W	  
theoretically	  at	  the	  IF	  of	  a	  source	  collector	  module,	  utilizing	  a	  scaling	  of	  current	  power	  to	  1kHz,	  
and	   realizing	   measured	   power	   in	   the	   realm	   of	   11-­‐18nm,	   as	   well	   as	   assuming	   a	   collector	  
efficiency	  of	  10%	  [95].	   	  A	  second	  unique	  feature	  of	   the	  ZaP	  source	   is	   that	   the	  plasma	  creates	  
EUV	   for	   a	   period	   of	   10-­‐30	   µs	   whereas	   most	   other	   sources	   are	   on	   the	   order	   of	   10s	   of	  
nanoseconds	  [96].	  	  The	  source	  operates	  by	  initially	  introducing	  a	  puff	  of	  neutral	  gas	  (Xe)	  at	  the	  
base	  of	  the	  inner	  electrode,	  as	  illustrated	  in	  figure	  A.2.	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Figure	  A.2:	  The	  ZaP	  z-­‐pinch	  process	   is	  diagramed.	  A)	  A	  neutral	  gas	  puff	   is	   introduced	  into	  the	  ZaP	  chamber.	  B)	  
Current	   is	   flowed	   between	   the	   inner	   electrode	   and	   the	   outer	   chamber	   causing	   the	   ion	   formation	   to	  migrate	  
down	  the	  chamber	  due	  to	  the	  induced	  field.	  	  C)	  The	  pinch	  separates	  from	  the	  outer	  electrode	  and	  couples	  to	  the	  
chamber.	  	  D)	  the	  current	  is	  stabilized	  down	  the	  length	  of	  the	  1	  m	  chamber	  and	  current	  is	  flowed	  to	  create	  EUV	  
light.	   	  
	  
	   A	  1-­‐10	  kV	  capacitor	  bank	  is	  discharged	  across	  the	  puff,	  thus	  ionizing	  the	  gas	  and	  leading	  
to	  a	  Lorentz	  force	  that	  causes	  the	  ionized	  puff	  to	  traverse	  down	  the	  length	  of	  the	  electrode.	  	  A	  
z-­‐pinch	  is	  then	  actualized	  as	  the	  plasma	  extends	  down	  the	  length	  of	  the	  assembly	  region,	  thus	  
initiating	   the	   development	   of	   EUV	   emission.	   	   The	   axial	   plasma	   is	   confined	   by	   up	   to	   300	   kA,	  
which	   compresses	   the	   plasma	   in	   order	   to	   produce	   the	   density	   and	   temperature	   required	   to	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achieve	  the	  +10	  ionization	  states	  required	  to	  produce	  EUV	  [96].	  	  This	  high	  axial	  current	  is	  also	  
what	   reduces	   the	  amount	  of	   charged	  debris	   that	   can	  be	  observed	  along	   the	   radial	  directions	  
away	   from	   the	   cylindrical	   pinch	   and	   also	   thus	   why	   it	   might	   make	   a	   good	   EUV	   lithography	  
source.	  
	   The	  experimental	  setup	  of	  the	  measurement	  consisted	  of	  three	  main	  components:	  	  the	  
source,	  the	  drift	   tube,	  and	  the	  detector.	   	  The	  detector	  was	  attached	  to	  the	  ZaP	  source	  at	  the	  
“p10”	  location	  in	  figures	  A.2	  and	  A.3,	  meaning	  that	  it	  was	  attached	  at	  a	  distance	  of	  10cm	  in	  the	  
positive	  z-­‐direction	  from	  the	  zero	  point	  as	  determined	  by	  the	  Washington	  team.	  	  Between	  the	  
source	  and	  the	  drift	  tube,	  a	  gate	  valve	  was	  used	  to	  isolate	  the	  two	  systems,	  as	  well	  as	  a	  3mm	  
diameter	  orifice	  for	  differential	  pumping.	  The	  chamber	  pressure	  was	  kept	  in	  the	  range	  of	  3x10-­‐6	  
Torr.	   	  Attached	  to	   the	  gate	  valve	  was	  a	   length	  of	  drift	   tube	  that	  offset	   the	  detector	   from	  the	  
source	  point	  by	  1.96m	  to	  not	  only	  move	  the	  detector	  into	  an	  open	  area	  within	  the	  lab,	  but	  also	  
to	  allow	  some	  extended	  travel	  time	  for	  ions	  to	  be	  removed	  from	  any	  initial	  noise	  interference	  
caused	   by	   the	   discharge	   of	   capacitors;	   this	   additional	   drift	   tube	   placed	   the	   ESA	   and	   neutral	  
detectors	  a	  total	  of	  2.33	  m	  from	  the	  location	  of	  the	  plasma.	  
	  
	  
	  
	  
117	  
	  
Figure	  A.3:	  A	  cartoon	  plot	  diagramming	  how	  the	  ESA	  and	  neutral	  detector	  were	  coupled	  to	  the	  ZaP	  source.	  	  A)	  
The	  ZaP	  source	  creates	  a	  1	  m	  long	  z-­‐pinch	  plasma	  that	  is	  capable	  of	  creating	  EUV	  light.	  	  B)	  The	  ESA	  and	  neutral	  
detector	  were	  attached	  2.33	  m	  from	  the	  pinch	   location.	  C)	  Data	  were	  taken	  to	  measure	  the	  energetic	   ion	  and	  
neutral	  spectrum.	  
	  
A.2	  ZaP	  Source	  Measurement	  
	   The	  measurement	  of	  the	  ZaP	  source	  provided	  a	  unique	  challenge	  relative	  to	  the	  other	  
source	  measurements	  presented	  in	  sections	  4.1	  and	  4.2.	  	  The	  source	  was	  not	  a	  point	  source	  as	  
mentioned	  previously,	  and	  it	  was	  also	  not	  originally	  designed	  to	  develop	  EUV	  light.	  	  As	  such,	  the	  
typical	  amenities	  of	  debris	  mitigation	  were	  not	  in	  place;	  furthermore	  the	  source	  was	  inoperable	  
faster	  than	  one	  shot	  every	  5	  minutes,	  which	  hindered	  the	  ability	  to	  gather	  copious	  amounts	  of	  
data	  for	  the	  ion	  and	  neutral	  debris	  measurements.	  	  One	  particularly	  interesting	  feature	  of	  the	  
ZaP	   source	  was	   the	   fact	   that	   the	   production	   of	   EUV	  occurred	   twice	   in	   single	   pulse,	   and	   also	  
lasted	  for	  a	  period	  of	  approximately	  30	  μs.	  	  This	  expanse	  of	  time	  was	  much	  longer	  than	  the	  0.5	  
μs	  pulse	  of	  the	  XTS	  13-­‐35,	  and	  because	  the	  typical	  time	  scale	  of	  a	  measurement	  is	  only	  over	  50-­‐
100	  μs	  suggested	  that	  any	  data	  observed	  might	  be	  skewed	  over	  a	  much	  longer	  time	  period	  that	  
had	  ever	  been	  measured	  before.	   	  The	  results	  presented	   in	  sections	  4.3.1-­‐4.3.3	  will	   show	  that	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the	  high	  current	  in	  ZaP’s	  plasma	  development	  lead	  to	  interesting	  conclusions	  to	  source	  debris	  
production.	  
	  
A.2.1	  EUV	  power	  measurements	  
	   The	  ZaP	  EUV	  source	  was	  not	  measured	  by	  the	  Center	  for	  Plasma-­‐Material	   Interactions	  
for	  the	  purposes	  of	  this	  experiment.	   	  The	  source	  was	  however	  measured	  by	  Munson,	  and	  the	  
results	  are	  presented	  here	  in	  figure	  A.4	  to	  understand	  the	  issues	  with	  measuring	  a	  long	  period	  
EUV	  pulse.	  
	  
Figure	  A.4:	  The	  EUV	  emission	  spectrum	  of	  the	  ZaP	  source	  is	  shown.	  	  There	  are	  two	  EUV	  pulses	  that	  are	  formed	  
30	  µs	  and	  nearly	  48	  µs	  after	  plasma	  discharge	  initiation	  [95].	  
	  
	   According	  to	  Munson,	  if	  the	  ZaP	  source	  were	  scaled	  to	  1	  kHz	  repetition	  rate,	  and	  if	  the	  
EUV	  light	  across	  the	  entire	  1	  m	  plasma	  column	  could	  possibly	  be	  collected,	  then	  the	  ZaP	  source	  
would	  be	  able	  to	  produce	  800	  W	  of	  power	  at	  the	  intermediate	  focus	  of	  such	  a	  source	  [95].	  	  For	  
this	   reason	  alone,	   this	   source	   represented	   the	  possibility	  of	  alleviating	   the	  critical	   issues	  with	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source	  power	  mentioned	  previously.	  	  These	  measurements	  were	  not	  verified	  using	  the	  Center	  
for	   Plasma-­‐Material	   Interactions’	   photodiode	   assembly,	   but	   the	   evidently	   long	   EUV	   pulse	  
revealed	  that	  they	  typical	  assumption,	  that	  EUV	  development	  occurred	  in	  a	  negligible	  period	  of	  
time,	  was	  no	  longer	  valid.	  
	  
	  A.2.2	  ESA	  measurements	  
	   Figures	   A.5	   and	   A.6	   show	   the	   resulting	   plots	   of	   the	   ESA	   measurements	   with	   noise	  
removed	  from	  the	  signals.	  	  In	  order	  to	  account	  for	  what	  are	  truly	  ion	  signals,	  and	  not	  just	  signal	  
artifacts	  from	  electromagnetic	  noise,	  it	  is	  required	  to	  understand	  the	  fundamentals	  of	  time-­‐of-­‐
flight	  analysis.	  	  The	  true	  test	  of	  a	  signal	  being	  an	  ion	  is	  whether	  or	  not	  it	  moves	  when	  the	  E/q	  
ratio	   is	   changed.	   	  When	   isolating	  more	  or	   less	  energetic	   ions,	   they	  will	   arrive	  at	   the	  detector	  
either	  sooner	  or	   later	  respectively.	   	  The	  resulting	  ion	  measurements	  of	  the	  ZaP	  source	  do	  not	  
exhibit	  any	  observable	  peak	  movement.	  	  This	  is	  strongly	  evident	  of	  the	  fact	  that	  what	  is	  being	  
observed	  is	  not	  ion	  debris,	  rather	  just	  fluctuations	  in	  the	  noise	  signal	  that	  are	  not	  removed	  by	  
subtracting	  out	  a	  noise	  signal.	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Figure	  A.5:	  The	  ESA	  histogram	  measurements,	  for	  (a)	  2,	  (b)	  4,	  (c)	  6,	  and	  (d)	  8	  keV,	  of	  the	  ZaP	  source	  are	  shown.	  	  
There	  are	  no	  visible	  ions	  present	  that	  cannot	  be	  considered	  noise	  as	  none	  of	  the	  signals	  move	  with	  increased	  E/q	  
measurements.	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Figure	  A.6:	  The	  ESA	  histogram	  measurements,	   for	   (a)	  10,	   (b)	  12,	  and	   (c)	  14	  keV,	  of	   the	  ZaP	  source	  are	  shown.	  	  
There	  are	  no	  visible	  ions	  present	  that	  cannot	  be	  considered	  noise	  as	  none	  of	  the	  signals	  move	  with	  increased	  E/q	  
measurements.	  
	  
	   It	  is	  logical	  to	  say	  that	  a	  15	  shot	  sample	  (given	  the	  tool	  time	  allowed,	  only	  15	  shots	  could	  
be	  taken	  for	  each	  datum	  point	  as	  a	  consequence	  of	  the	  slow	  repetition	  rate	  of	  the	  source)	  is	  not	  
adequate	  enough	  to	  measure	  the	  observed	  ion	  flux	  over	  the	  noise	  signal.	  It	  is	  also	  possible	  that	  
very	   little	   debris	   was	   measured	   at	   all	   in	   this	   energetic	   ion	   range.	   	   One	   possible	   theory	   to	  
correlate	   with	   the	   lack	   of	   ion	   debris	   present	   is	   the	   fact	   that	   up	   to	   300	   kA	   of	   current	   flows	  
through	   the	  plasma	  providing	   a	  magnetic	   pressure	   that	   confine	   and	   compresses	   the	   charged	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debris	  within	  the	  plasma.	  	  As	  such,	  it	  should	  be	  expected	  that	  only	  extremely	  energetic	  neutral	  
and	  ion	  debris,	  greater	  than	  the	  14keV	  1+	  ions	  capable	  of	  being	  isolated,	  would	  be	  capable	  of	  
escaping	  magnetic	  pressure.	  	  Continuing	  with	  the	  theory	  that	  the	  plasma	  is	  extreme	  confined,	  
one	  would	  not	  expect	  a	  great	  deal	  of	  debris	  to	  emanate	  from	  the	  radial	  direction	  of	  the	  z-­‐pinch,	  
but	  would	  expect	  the	  large	  electric	  field	  to	  carry	  the	  ions	  down	  the	  length	  of	  the	  chamber	  into	  
the	  electrode.	  	  This	  would	  be	  a	  highly	  advantageous	  feature	  of	  this	  source	  as	  debris	  mitigation	  
could	  take	  place	  well	  beyond	  the	  collector	  optics.	  
	  
	  A.2.3	  Neutral	  detector	  measurements	  
	   Figures	  A.7	  and	  A.8	  reveal	   the	  analysis	  of	   the	  ZaP	  detector	  using	  the	  neutral	  detector.	  	  
Unlike	  the	  ESA	  analysis,	  the	  neutral	  detector	  analysis	  was	  only	  taken	  using	  5	  shots	  from	  the	  ZaP	  
source	   due	   to	   time	   constraints.	   A	   typical	   total	   flux	   signal	   (not	   the	   histogram)	  measurement	  
signal	  is	  shown	  in	  figure	  A.7.	  	  There	  are	  several	  key	  features	  to	  notice:	  the	  peak	  at	  5	  µs	  which	  is	  
electromagnetic	  noise,	  the	  neutral	  flux	  from	  9-­‐18 µs,	  the	  saturated	  photon	  flux	  from	  20-­‐28	  µs,	  
the	  energetic	  charged	  peak	  from	  28	  µs	  to	  32	  µs,	  and	  the	  noise/additional	  EUV	  signal	  after	  40	  
µs.	   	   These	   signals	   are	   presented	   as	   such	   based	   on	   analysis	   and	   observation	   of	   noise	   signals	  
while	  taking	  the	  measurements.	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Figure	  A.7:	  A	  typical	  total	  flux	  neutral	  detector	  signal	  is	  shown.	  	  Evident	  are	  three	  primary	  features:	  neutral	  flux,	  
photon	  flux,	  and	  an	  energetic	  ion	  flux.	  	  Unfortunately	  the	  neutral	  flux	  is	  superimposed	  over	  the	  photon	  flux	  and	  
unable	  to	  be	  accurately	  measured.	  
	  
	   In	   typical	   EUV	   measurements,	   time	   t	   =	   0	   on	   the	   oscilloscope	   corresponds	   to	   the	  
development	  of	  the	  EUV	  light;	  for	  the	  ZaP	  experiment,	  the	  only	  trigger	  available	  was	  that	  which	  
initiated	   the	   entire	   process.	   	   It	   was	   determined	   that	   EUV	   ignition	   corresponded	   to	   18.5 µs,	  
which	  became	  the	  initiation	  point	  for	  time	  of	  flight	  measurements.	  	  Using	  that	  number,	  it	  was	  
seen	   that	   the	   arrival	   of	   ions	   occurred	   between	   9.57us	   and	   14.3us	   after	   the	   pinch.	   	   It	   was	  
assumed	  that	  the	  observed	  species	  had	  to	  be	  Xe	  because	  there	  is	  truly	  only	  one	  massive	  species	  
that	   exists	   within	   the	   chamber	   at	   creation	   of	   the	   pinch	   because	   the	   tungsten	   from	   the	  
electrodes	  would	  not	  come	  off	  in	  large	  enough	  quantities	  to	  make	  such	  a	  large	  flux.	  	  The	  lower	  
mass	  species	  present	  in	  the	  chamber	  at	  the	  time	  of	  the	  pinch:	  carbon,	  oxygen,	  and	  hydrogen,	  
would	  all	  arrive	  at	  such	  a	  time	  period	  with	  much	  lower	  energies	  well	  below	  the	  14keV	  that	  was	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measureable	   by	   the	   ESA.	   	   Since	   none	   of	   these	   species	   were	   observed	   using	   the	   ESA,	   it	   was	  
assumed	   these	   were	   not	   the	   species	   being	   measured	   with	   the	   neutral	   detector.	   Therefore,	  
assuming	  the	  species	  are	  Xe+,	  data	  analysis	  revealed	  the	  energies	  of	  the	   ions	  to	  be	   in	  a	  range	  
from	  18keV	  and	  40keV	  as	   shown	   in	   figure	  A.8.	   	  Any	  higher	   ionization	   states	  would	  also	  have	  
shown	  up	  in	  the	  ESA	  measurements	  since	  the	  14keV	  1+	  isolation	  also	  isolates	  28	  keV	  2+	  states,	  
and	  similarly	  42keV	  3+	  states	  and	  so	  on.	  	  The	  integral	  of	  the	  plotted	  figure	  reveals	  that	  nearly	  
43.7x106	  ±	  4.1x106	  ions/cm2-­‐pulse	  emanate	  to	  2.33m	  with	  an	  average	  energy	  of	  26keV.	  
	  
	  
Figure	  A.8:	  The	  energetic	  ion	  flux	  from	  the	  ZaP	  source	  is	  presented.	  	  The	  ion	  energy	  range	  is	  assumed	  to	  be	  Xe+.	  	  
The	  measurement	  was	  taken	  at	  2.33	  m	  away	  from	  the	  source.	  	  Not	  shown,	  for	  visual	  clarity,	  are	  the	  9.6%	  error	  
bars.	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   Continuing	   now	   to	   the	   evident	   flux	   of	   neutrals	   highlighted	   in	   figure	   A.7,	   there	   is	  
unfortunately	   little	   evidence	   that	   allows	   for	   the	   verification	   of	  what	   energy	   or	   species	   these	  
counts	   might	   correspond.	   	   The	   counts	   are	   present	   immediately	   before	   and	   during	   the	  
confinement	  of	  the	  pinch	  that	  causes	  EUV,	  and	  thus	  must	  be	  a	  consequence	  of	  the	  pre-­‐pinch	  
ignition.	   	   As	   far	   as	   diagnosing	   the	   neutrals	   however,	   it	   is	   impossible	   to	   know	   a	   time	   zero	  
because	  the	  pinch	  is	  not	  immediately	  after	  the	  trigger	  is	  initiated;	  as	  such,	  time	  of	  flight	  analysis	  
is	  relatively	  irrelevant	  in	  making	  a	  decision	  regarding	  energy	  or	  species.	  	  If	  the	  starting	  time	  was	  
the	  trigger	  time,	  when	  the	  capacitors	  were	  discharged,	  then	  the	  arrival	  of	  the	  neutrals	  would	  be	  
from	  9-­‐18	  µs.	  This	  would	  correspond	  to	  an	  energy	  range	  of	  11	  –	  45	  keV	  Xe+	  neutrals.	  	  This	  range	  
closely	  mirrors	   the	   energetic	   ions	  measured	   in	   figure	   A.8.	   	   Unfortunately,	   however,	   knowing	  
this	   range	   is	   the	  extent	  of	   the	  analysis	   that	   can	  be	  performed	  on	   these	   results.	   	  Because	   the	  
photon	  peak	  overlaps	  with	  this	  neutrals	  peak,	  it	  is	  impossible	  to	  derive	  any	  reasonable	  value	  of	  
the	  flux	  being	  observed.	  	  There	  is	  no	  way	  to	  measure	  a	  background	  photon	  flux	  signal	  with	  the	  
neutral	  detector	  because	  it	   is	  facing	   in	   line	  of	  sight	  to	  the	  plasma	  and	  there	   is	  no	  barrier	  that	  
would	  allow	  all	  of	  the	  emitted	  photons	  to	  reach	  the	  detector	  while	  blocking	  ions	  and	  neutrals.	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  plasma	  used	  to	  create	  extreme	  ultraviolet	  
light	  for	  the	  semiconductor	  industry.	  	  He	  has	  also	  been	  involved	  in	  the	  research	  of	  cold	  etching	  
plasmas,	  and	  their	  applications,	  as	  well	  as	  atmospheric	  plasmas.	  	  Other	  research	  offshoots	  have	  
probed	   into	   laser-­‐surface	   interactions,	   as	   well	   as	   z-­‐pinch	   plasma-­‐material	   interactions.	  	  
Following	  the	  completion	  of	  the	  M.S.	  degree,	  John	  will	  continue	  onto	  his	  Ph.D.	  at	  the	  University	  
of	  Illinois.	  	  
	  
